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Abstract 
 
 El Niño Southern Oscillation (ENSO) is the most important interannual mode of climate 
variability in the tropical Pacific affecting many parts of the globe through teleconnections. ENSO is 
notoriously difficult to predict or represent in climate models, and differs significantly between models. 
In the past static metrics have been used to characterize ENSO in observations and models. Here, the 
evolution of ENSO is studied with focus on individual El Nino (EN) events; factors and processes 
explaining the behaviours of different EN flavours are identified. The comparison to model simulations 
reveals a number of biases that explain differences in model behaviour. 
Based on reanalysis data and depending on the spatial and temporal evolution of the sea 
surface temperature anomalies (SSTA), ENs are divided into Central Pacific (CPEN), Eastern Pacific 
(EPEN), and Hybrid (HBEN). ENs are found to form a continuous spectrum of events with CPEN and 
EPEN as its end members depending on: (1) the Western Pacific subsurface potential temperature 
anomaly (PTA) about 1 year before the EN peak, and (2) the Western to Central Pacific cumulative 
zonal wind anomaly (ZWA) between the onset and peak of the EN. Using these two parameters, about 
70% of the total variance of the maximum EN SSTA can be explained up to 6 months in advance. 
ZWA describes the potential for triggering Kelvin waves for a given initial West Pacific recharge state 
as captured by PTA. 
 A cross-validated statistical model is developed to hindcast the 1980-2016 Nov-Dec-Jan 
(NDJ) mean Niño3.4 SSTA based on the two parameters. The model is comparable to, or even 
outperforms, many of the NOAA Climate Prediction Centre's statistical models during the boreal 
spring predictability barrier. The explained variance between observed and predicted NDJ Niño3.4 
SSTA at a lead-time of 8 months is 57% using five years for cross-validation, 63% in full hindcast 
mode. Predictive skills are lower after 2000 when the mean climate state is more La Niña-like due to 
stronger equatorial easterly ZWA caused by an intensification of both, Walker and Hadley cell. 
 The ability of climate models to simulate and predict EN is assessed with data from the 
Climate Model Inter-comparison Project 5 (CMIP5). Most models are able to capture the main features 
of different EN types. But models struggle to reproduce large intensity ENs as found in observations. 
This issue can be traced back to a failure to realistically simulate the oceanic recharged state and the 
subsequent Kelvin waves for intense EN. 
 Causes of EN involve Kelvin waves that are triggered by westerly wind bursts (WWB). From 
higher temporal resolution of reanalysis data, this study finds that WWBs above a certain threshold are 
required to trigger a Kelvin wave. Kelvin waves are triggered in locations of positive Ocean Heat 
Content (OHC) anomalies. Intensity, longitudinal coverage and duration of a WWB, the strength of the 
OHC anomaly and gradient influence the amplitude of Kelvin waves as they propagate. Synoptic 
pattern analysis suggests that most WWBs are caused by cyclones with the combination of an active 
Madden-Julian Oscillation (MJO). The NorESM is able to reproduce many characteristics of observed 
WWBs, OHC anomalies and their relation to Kelvin waves. However, differences are noticeable for the 
distribution of synoptic patterns causing WWBs in the model.  
 In future work, climate models can be used to disentangle the causes and effects of EN for 
correlations identified in this study with the ultimate goal to advance our understanding of ENSO, its 
variability and changes in the future. 
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Chapter 1 : Introduction and Literature Review 
 
1.1.  El Niño definition, and the importance of continuous El 
Niño research 
 El Niño (EN) is the warm phase of the oceanic component of the dominant mode of 
interannual tropical climate variability called El Niño-Southern Oscillation (ENSO) occurring 
every 3 to 5 years. This phenomenon has attracted continuous interest among the 
climatologists and meteorologists, because it has global climatic teleconnections and is the 
most dominant feature of tropical climate variability on subdecadal timescales. Not only does 
it cause innertropical (zonal) weather anomalies, such as rainy weather in usually dry 
locations, but it also affects the climates in extratropical latitudes, such as shifts of subpolar 
and subtropical atmospheric centre of action (Angell 1981), and changes in geopotential field 
in the middle troposphere (Pan and Oort, 1983). Although there are some well accepted 
hypotheses for the development of the ENSO, the actual triggering mechanisms are still 
poorly understood. 
 Furthermore, there have been numerous reports recently on a “new” type of EN, the 
Central Pacific El Niño (CPEN), which is characterized by predominantly positive sea surface 
temperature anomalies in the tropical Central Pacific (CP) rather than in the East Pacific 
(Kim, et al. 2011). Although the existence of such a different EN has been proposed recently, 
Graf (1986), in a conceptual study describing potential mechanisms leading to EN and its 
climatic teleconnections, already discussed the possible mechanisms associated with the two 
different EN types. The East Pacific (EP) EN event follows the delayed oscillator theory, 
including deepening of the thermocline by propagating Kelvin waves, whereas CPEN is an 
event driven solely by local surface wind anomalies not including the thermocline (Graf 
1986). Other studies, however, claimed that the CPEN has occurred before, and is not 
exclusive of recent decades, but showing prominent CP event clusters after 2000 (Lian and 
Chen, 2012). The first well recorded El Niño that originated in the Central Pacific and moved 
toward the east was in 1982 (Philander 2004). The earliest identified CPEN event was in 
1885-86, and kept occurring every several years throughout the 19th century (Pascollini-
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Campbell et al., 2014). Therefore, the word “new” actually implies it is “new” to the climate 
community, but not a new natural phenomenon.  
 CPEN has occurred more frequently during the recent decades and received much 
attention in the climate community. New findings have added to the complexity of 
understanding and predicting EN. With the recent anthropogenic global warming, 
understanding changes in the frequency or characteristics of different EN events in a changing 
climate is of broad scientific and socio-economic interest. 
 
1.2. What are the different types of El Niños? 
 The canonical Eastern Pacific EN (EPEN) refers to a band of anomalously warm 
equatorial ocean water temperatures that develop off the western coast of South America into 
the equatorial Pacific. Recently, there have been numerous reports on a “new” type of EN, the 
Central Pacific El Niño (CPEN) (Ashok et al. 2007; Kao and Yu 2009; Yeh et al. 2009). It is 
characterized by predominantly positive sea surface temperature anomalies in the tropical 
Central Pacific (CP) rather than in the East Pacific (EP). The two EN types have different 
teleconnections and climatic impacts (Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009; 
Yu and Kim 2010, Graf and Zanchettin 2012).  
 Although there are some well accepted hypotheses for the development of the ENSO, 
the actual triggering mechanisms are still debated. For example, one perspective is that 
evolution of ENSO is largely controlled by self-sustaining oscillatory internal dynamics rather 
than by stochastic forcing (Jin 1999; Chen et al. 2004). Another view is that ENSOs are in 
fact event-like disturbances on top of a stable basic state, requiring an initiating trigger not 
contained in the dynamics of the cycle itself (Kessler 2002).  
 The theoretical explanations of ENSO can be loosely grouped into two frameworks. 
First, El Niño is one phase of a self-sustained, unstable, and naturally oscillatory mode of the 
coupled ocean-atmosphere system. Second, El Niño is a stable or damped mode triggered by 
atmospheric random “noise” forcing. 
 For the oscillatory models, ENSO is a self-sustained mode oscillating between the 
warm and cold phase. It starts with Bjerknes (1969) positive ocean-atmosphere feedback. An 
initial positive SSTA in the equatorial EP reduces the east-west SST gradient and hence the 
strength of the Walker circulation, resulting in weaker trade winds along the equator. The 
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weaker trade winds in turn drive the ocean circulation changes that further reinforce SSTA. 
This positive feedback leads the equatorial Pacific to a warm state. For the coupled system to 
oscillate, a different combinations of four major negative feedbacks (proposed in the 1980s) 
to turn the warm state around:  
1. Delayed oscillator (Suarez and Schopf 1988; Battisti and Hirst 1989). Positive SSTA 
in the equatorial EP cause westerly wind anomalies that drive downwelling Kelvin 
waves eastward and act to increase the positive SSTA. The westerly wind anomalies 
also generate oceanic equatorial Rossby waves, which propagate westward and 
eventually reflect from the western boundary as eastward propagating upwelling 
Kelvin waves. They lead to shoaling of EP thermocline and turn ENSO warm phase 
to cold phase. 
2. Recharge oscillator (Jin 1997), a discharge process. Prior to El Niño, upper ocean 
heat content or warm water volume over the entire tropical Pacific tends to build up 
(or recharge) gradually, and during El Niño the accumulated warm water is flushed 
toward (or discharged to) higher latitudes. After the discharge, the eastern tropical 
Pacific becomes cold (La Niña) with the shallowing of the thermocline and then 
warm water slowly builds up again (recharge) before the occurrence of the next El 
Niño. 
3. Western Pacific oscillator (Weisberg and Wang 1997; Wang et al. 1999), a western 
Pacific wind-forced Kelvin wave. Condensational heating in the central Pacific 
induces a pair of off-equatorial cyclones with westerly wind anomalies in the CP. 
They act to deepen the thermocline and increase SST in the EP. On the other hand, 
the off-equatorial cyclones raise the thermocline there via Ekman pumping. Thus, a 
shallow off-equatorial thermocline anomaly expands over the off-equatorial WP 
leading to a decrease in SST and an increase in SLP there. During the mature phase of 
El Niño, the off-equatorial WP anomalous anticyclone initiates equatorial easterly 
wind anomalies in the equatorial WP. They cause upwelling and cooling that proceed 
eastward as a forced Kelvin wave response providing a negative feedback for the 
coupled system to oscillate. 
4. Advective-reflective oscillator (Picaut et al. 1997). This oscillator emphasizes a 
positive feedback of zonal currents that advect the western Pacific warm pool toward 
the east during El Niño. During El Niño, equatorial westerly wind anomalies in the 
CP produce equatorial upwelling Rossby and downwelling Kelvin waves that 
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propagate westward and eastward, respectively. The westward propagating upwelling 
Rossby waves reflect into upwelling Kelvin waves after they reach the western 
boundary, whereas the eastward propagating downwelling Kelvin waves reflect into 
downwelling Rossby waves at the eastern boundary. Since both upwelling Kelvin and 
downwelling Rossby waves have westward zonal currents in the equatorial band, they 
tend to push the warm pool back to its original position and then into the western 
Pacific. These negative feedbacks along with the negative feedback of the mean zonal 
current make the coupled system to oscillate. 
Since these modes also operate for initial negative SST, they can produce ENSO-like 
oscillations. 
 In the stable or damped mode, a stochastic trigger or forcing must be added to an 
oscillator model to excite an irregular oscillation (e.g. Jin 1997). This hypothesis proposes 
that disturbances such as westerly ZWA, unrelated to internal ENSO dynamics, are the source 
of stochastic forcing that drives ENSO. 
 However, as seen in observations, every EN has different characteristics and, hence, 
EN can be seen as a continuous spectrum of events, a so-called “El Nino continuum”, rather 
than well defined patterns (Giese and Ray 2011). Johnson (2013) statistically explored 
different EN flavours and identified four types for the ENSO warm phase with several cluster 
patterns belong to a type (Fig 2 in Johnson, 2013). For example, his cluster patterns “6” and 
“7” in his study illustrating CPEN pattern. However, he concludes that the central longitude 
of all EN sea surface temperature anomalies (SSTA) is not bimodal, and is indistinguishable 
from a Gaussian distribution centred near 140ºW. Yet, there are other studies suggesting that 
CPEN should be classified as a separate ENSO type. Ashok et al. (2007) and Pascolini-
Campbell et al. (2014) demonstrated that the currently used indices for identifying ENSO are 
too simplistic and do not fully capture past EN types. 
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 Low-frequency climatic variability could play a role in the occurrence of different EN 
types. Seasonal footprinting mechanisms linked to the state of the North Pacific Oscillation 
(NPO) (Vimont et al. 2001, 2003) are explored in Chen et al. (2013). Their study concluded 
that an ENSO event would not necessarily occur under a positive NPO. Only if a positive 
wintertime NPO coincides with a positive phase of the Arctic Oscillation in spring, a 
significant ENSO-like warming anomaly occurs in the following winter. A recent study by 
Hong et al. (2013) suggests there is a climate regime shift in the Pacific SST anomaly pattern 
around 1996-97. Warming over the equatorial WP and cooling over the CP is probably 
responsible for the strengthened trade winds reported in the study by England et al. (2014). 
This may be a consequence of the warming that started earlier over the Indian Ocean (Rao et 
al. 2011).  
 Although the existence of different EN types has only received attention quite 
recently, already Graf (1986) discussed possible mechanisms associated with two different 
types of EN, CPEN and EPEN, and how they might be linked (Figure 1.1). In general, 
positive SSTA in EP or CP may be caused by a decrease in trade winds and Western Pacific 
westerly wind anomalies. Westerly wind anomalies may be caused by tropical or extratopical 
drivers. Extratropical drivers include seasonal high latitude warming in boreal summer 
weakening the general circulation by a decrease in the meridional temperature gradient that 
leads to weaker trade winds (Graf 1986; Vecchi et al. 2006). Cold air outbreaks from the 
Extratropical 
drivers: 
e.g. High latitude 
warming 
– Trade winds 
– Upwelling 
+ CP SSTA Central Pacific El Niño  
Convection 
eastward 
Kelvin wave 
eastward 
Eastern Pacific 
El Niño  
– WP upwelling 
+ EP upwelling 
Others:  
+North Pacific 
Oscillation; 
+Artic 
Oscillation 
+ Surface 
convergence 
+ WP westerly 
winds 
WP warm pool at 
recharged state 
Trigger relaxation 
Tropical drivers: 
a. Cold outbreak 
winter monsoon; 
b. Madden-Julian 
Oscillation 
 
Figure 1.1: Slightly amended from Graf (1986), highlighting the causes of Central and Eastern Pacific 
El Niños. Minus sign denotes decrease; plus sign denotes increase of the parameter under 
consideration. Dash line box means other drivers, circular box means the parameter already exists 
within the system 
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Asian winter monsoon also may generate westerly wind bursts with consequences for the 
triggering of equatorial Kelvin waves (e.g. Graf, 1986, Chen et al., 2013). 
 Tropical drivers that may cause an increase in westerly wind anomalies include the 
Madden-Julian Oscillation (MJO). The MJO is thought to promote El Niño because its 
eastward-propagating, westerly stress anomalies efficiently excite downwelling Kelvin waves 
in the equatorial Pacific, which remotely act to warm the EP. During the early phase of the 
MJO, when the centre of strong deep convection is between the Indian Ocean and WP, the sea 
surface to the east of this convection is cooled by increasing the ocean–atmosphere heat flux 
and upper-ocean mixing (e.g., Kessler and Kleeman 2000; Shinoda and Hendon 2002). To the 
west of the associated convection the MJO tends to produce westerly near surface winds that 
induce westerly surface currents that advect the mean east-west temperature gradient eastward 
(e.g., Kessler and Kleeman 2000; Shinoda and Hendon 2001). These two mechanisms act to 
reduce the east–west temperature gradient on the eastern edge of warm pool, which 
strengthens anomalous surface westerlies in the western Pacific that help shift the warm pool 
eastward at the onset of El Niño (e.g., Picaut et al. 2001; Lengaigne et al. 2003). Convective 
activities migrate from WP to CP. The accompanying westerly surface wind anomalies 
promote further CP warming, and could trigger downwelling Kelvin waves. Convective 
activity migrates from the WP into the CP. The accompanying westerly surface wind 
anomalies promote further CP warming (Bergman et al. 2000).  
 The canonical EPEN is characterized by basin-wide thermocline variations in the 
zonal direction of the equatorial Pacific. Under neutral conditions, easterly trade winds 
contribute to the accumulation of warm water in the Western Pacific (WP) building up 
potential temperature anomalies while deepening the thermocline. EPEN follows the delayed-
oscillator theory of ENSO (Suarez and Schopf, 1988; Battisti and Hirst, 1989), with an 
effective discharge of water mass and thermal energy (Jin 1997). Thus, the warm water 
masses piled up in the WP warm pool propagate as an oceanic Kelvin wave from the WP to 
the EP. This Kelvin wave can be triggered by an anomalously weak Walker circulation, by 
anomalously weak trade winds, or by westerly wind bursts over the west and central Pacific. 
Triggering mechanisms can originate from cold air outbreaks of the Asian winter monsoon or 
from transient disturbances induced from strong MJO events (Graf 1986; Fedorov 2002; 
McPhaden et al. 2006). The Kelvin wave mechanism plays a major role in generating positive 
SSTA over the EP by the thermocline feedback, where the change in thermocline depth leads 
to the SST change through modifying the upwelled subsurface property (Jin and An, 1999). 
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Since the EP type ENSO behaves like a damped oscillation it evokes a phase-reversal signal. 
Therefore, typically an EPEN episode will typically be followed by a La Niña. 
 For the evolution of a CPEN the role of thermocline variations is limited. CPEN is 
much more related to local atmospheric forcing. It is usually triggered by a moderately 
weakened trade wind and some westerly wind anomalies resulting in wind convergence from 
either side of the Pacific over the CP (Graf 1986; Ashok et al. 2007). This leads to zonal 
oceanic current anomalies inducing positive SSTA through zonal advection. Positive SSTA, 
via their effect on deep convection, in turn induce additional surface wind anomalies further 
strengthening this SSTA in a “zonal advection feedback” (Yeh et al. 2014). A further positive 
feedback is resulting from the “latent heat feedback”, whereby the westerly wind anomalies 
(i.e. weaker easterly winds) caused by the existing positive SSTA and their effect on 
convective activity reduce the latent heat release from the ocean surface leading to further CP 
warming. The associated surface wind anomalies and SSTA tend to onset, develop, and decay 
in situ, and do not have a phase-reversal signal. CP type ENSOs behave like local events 
rather than as part of a cycle (for observations see Kao and Yu (2008), for models see 
Guilyardi (2006) and Guilyardi et al. (2009)).  
 Graf (1986) also suggests that CPEN can be a precursor of an EPEN. The initial CP 
warming shifts the convective activity from the WP warm pool eastwards and induces 
westerly wind anomalies over the WP warm pool, which, if strong enough, can trigger a 
Kelvin wave if a potential temperature anomaly (i.e. deep thermocline, warm water piled up 
in the warm pool) has been previously established. Such a Kelvin wave would propagate 
eastward along the equator near the depth of the thermocline. While the CP warming is 
maintained locally, an EPEN starts due to this thermocline feedback. As soon as the Kelvin 
wave reaches the far Eastern Pacific the thermocline there is deepened and SST increases. 
These positive SSTA then extend westwards and unite with the pre-existing CP warm surface 
waters. Such an event may be called “Hybrid El Niño” (HBEN).  Figure 1, adopted and 
simplified from Graf (1986), illustrates these atmospheric and oceanic pathways leading to 
the different types of EN. Schneider et al. (1995) shows that westward propagating off-
equatorial (around 5ºN/S) heat content anomalies in the WP are excited by wind stress forcing 
near the CP. These Rossby waves can determine the equatorial heat content anomalies over 
WP, which can be sufficient to determine the WP recharged state and the potential for Kelvin 
waves. 
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 Recent studies by Fedorov et al. (2014) and Hu et al. (2014) explored the diversity of 
EN types that are potentially caused by the effect of a westerly wind burst (WWB) on the 
ocean in a recharged state. These modelling studies prescribed a one-month WWB to various 
different oceanic recharged states. Different strength of the recharged states and WWB can 
result in EPEN or CPEN. They find that for the recharged state, in the absence of WWBs, a 
moderate EN with a maximum warming in the CP develops in about a year. In contrast, for 
the neutral state, there develops a weak La Niña. However, when the WWB is imposed on 
recharged state, a maximum warming is found in the EP, while the WWB with a neutral state 
produces a weak CPEN instead of previous La Niña conditions. We will explore this in more 
detail using observations to validate and extend their findings. 
 The above discussion suggests that the analysis of EN events cannot be static, but 
needs to cover the evolution of individual events. We will therefore investigate the temporal 
evolution of EN events from available oceanic observations and atmospheric reanalysis data. 
The results will show that a few key parameters are sufficient to statistically represent the EN 
continuum and that CPEN and EPEN are the end members of this continuum. 
 
1.3. What are the impacts of global warming on El Niño? 
 The recent discovery of the CPEN made some scientists believe that it is linked to 
global warming, and that increased greenhouse forcing might lead to more CPEN (Yeh et al. 
2009). As suggested by Vecchi et al. (2006), one possible result of anthropogenic global 
warming is a progressive weakening of trade winds, which may lead to an increased relative 
occurrence of CPENs due to reduced wind-driven surface divergence at the equatorial Pacific.  
 Conversely, various models in the studies of Kim and Yu (2012), Santoso et al. 
(2013), and Cai et al. (2014) have indicated that there might be more extreme EN under 
global warming, which are usually of the EPEN type. In addition, England et al. (2014) 
claimed that there is a strengthened trade wind over the past two decades. This contributes to 
the recent observed hiatus and cooling of the tropical Pacific and increased equatorial 
upwelling in the CP and EP. This physical process could imply a more favourable condition 
for CPEN to occur due to the retained trade winds together with some westerly anomalies that 
would induce CP convergence. The trade wind and EP upwelling could also suppress EP 
warming. On the other hand, the studies also briefly mentioned that the recent hiatus could be 
due to the negative phase of the Interdecadal Pacific Oscillation (IPO), and other factors such 
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as the Indian Ocean warming (Luo et al., 2012). The amount of contributions from these 
factors is uncertain, and a rapid warming is expected to resume once the anomalous trade 
winds disappear, due to a positive IPO in the future for example. Nevertheless, all these 
studies have demonstrated that the current anthropogenic trend is superimposing with some 
low-frequency cyclic natural variability either constructively or destructively. Such 
complications imply that predicting the more dominant EN type in the future remains 
challenging. 
 Two developments are expected under global warming: the warming of Indian Ocean 
and its extension into the Pacific (Rao et al., 2011); and secondly, the weakening of trade 
winds and global circulations due to greenhouse gases (Vecchi et al., 2006; Yeh et al., 2009). 
There have been observations of strong positive SSTA not related to the EN phenomenon 
extending from the Indian Ocean to the West Pacific (Luo et al., 2012). This warming 
influences deep tropical convection and latent heat release over the Western Pacific, 
potentially influencing or modulating the contribution of tropical Pacific anomalies to 
Atlantic and European seasonal climate anomalies. There are two opposing effects on trade 
winds: while the polar amplification and a reduced meridional temperature gradient reduce 
trade wind through a wakening of the Hadley cell (Graf 1986; Vecchi et al. 2006), Luo et al. 
(2012) and England et al. (2014) suggest that the enhanced tropical Indian Ocean warming 
strengthens the trade winds through the enhanced east-west Walker circulation. 
 The questions are therefore whether the global warming will cause more CPEN, and 
what are the combined effects with the Indian Ocean warming. 
 
1.4.  El Niño predictions 
 Predictions of ENSO are based on either dynamical or statistical models. For ENSO 
predictions, dynamical models solve physical equations of the ocean-atmosphere system 
ranging from relatively simple to complex fully coupled ocean-atmosphere models. The fully 
coupled models perform slightly better than statistical models (Latif et al. 1994; Barnston et 
al. 2012). Their higher forecasting skill is due to higher spatial resolution and advanced data 
assimilation systems for initialisation (Balmaseda and Anderson 2009). The expense of 
running these models often limits the number and frequency of forecasts conducted (Goddard 
et al. 2001). Statistical models, on the other hand, use long historical datasets to estimate their 
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predictor-predictand relationships. They are much cheaper, and using longer historical data 
and finer temporal resolution often lead to better forecasts (Barnston et al. 2012). 
 Both types of models have problems in predicting boreal winter tropical Pacific sea 
surface temperature (SST) when forecasts start in boreal spring (Feb to May). This is called 
the spring predictability barrier (e.g. Flügel and Chang 1998; Jin et al. 2008). The ENSO SST 
anomalies (SSTA) and associated sea level pressure anomalies are weakest during spring, but 
the noise in the tropical Pacific air-sea system is nearly constant throughout the year (Xue et 
al. 1994). Hence, the signal-to-noise ratio is small in boreal spring and forecasts are more 
sensitive to random variability. In addition, during spring the intertropical convergence zone 
is situated close to the equator and the climatological SST reaches its maximum in the eastern 
equatorial Pacific. This leads to unstable air-sea interactions in the eastern equatorial Pacific, 
whereby the release of latent heat by the ocean alters surface winds further inducing latent 
heat release (Philander et al. 1984). Since zonal SST gradients are weak during spring, small 
perturbations can be amplified over a large domain leading to very different spatial patterns 
(Latif et al. 1994). Springtime also sees more ENSO events in the decaying phase, because 
ENSO is seasonally phase-locked with peaks usually during boreal winter (Torrence and 
Webster 1998). The decaying phase implies that the SSTA in boreal spring are relatively 
small, making SSTA associated with ENSO more difficult to detect and forecast accurately, 
leading to a minimum predictability in spring (Jin et al. 2008). 
 The explained variance (R2) between observed SSTA and forecasts made in spring for 
the following winter Niño3.4 SST ranges from 1% to 24% for statistical models, and from 4% 
to 64% for dynamical models (Barnston et al. 2012). In this study, a new simple statistical 
model is presented in Chapter 3 that performs just as well as some of the best dynamical 
models and outperforms most of the statistical models during the period around the spring 
predictability barrier. Our model is conceptually similar to Clarke and Van Gorder (2003) but 
avoids using past information about the predicted SSTA in the forecast method. In the 
following, all forecasting skills will be presented in terms of explained variance R2. 
 The variability of the Nov-Dec-Jan (NDJ) EN peak intensity, and therefore the 
diversity of EN events, depends strongly on the initial West Pacific thermocline recharged 
state and on the western to central equatorial Pacific cumulative zonal surface wind anomalies 
(ZWA) (Lai et al. 2015). Our model will only use these two parameters to predict the Niño3.4 
SSTA at lead times extending to nine months, i.e. across the spring predictability barrier. 
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 Often ENSO forecast methods use not only precursors within the tropical Pacific 
basin, but also external forcings. In this sense, several authors have relied on the importance 
of the SSTs in other tropical basins to predict ENSO events. Dayan et al. (2013) have reported 
an enhancement of ENSO prediction skill associated with diverse SST patterns in the tropical 
Atlantic and Indian basins. Furthermore, Frauen and Dommenget (2012) have explored the 
contribution of each basin, putting forward that Indian Ocean SSTs are necessary to the 
correct simulation of ENSO dynamics, while the initial conditions of the tropical Atlantic 
SSTs are crucial for ENSO predictability. 
 Recent studies have focused on the role of tropical Atlantic inter-annual variability 
for the tropical Pacific. In this sense, Keenlyside et al. (2013) found an improvement of 
ENSO prediction across boreal spring when the Atlantic SSTs are included. Nevertheless, the 
Atlantic impact on ENSO seems to be modulated at decadal time scales. Martín-Rey et al. 
(2015) demonstrated the existence of windows of opportunity to enhance ENSO prediction 
using the information from the Atlantic six months in advance. Only during the first and last 
decades of the 20th century, when the Atlantic-Pacific Niños connection takes place 
(Rodríguez-Fonseca et al. 2009; Ding et al. 2012; Martín-Rey et al. 2014; Polo et al. 2015), a 
good prediction skill is obtained. Therefore, Suárez-Moreno and Rodríguez-Fonseca (2015) 
developed a statistical model taking into account the non-stationary behaviour of the climate 
teleconnections between tropical oceans. However, as McGregor et al. (2014) showed, these 
teleconnections and their influence on ENSO is mediated through a response in the Walker 
circulation and a change in zonal surface wind anomalies. 
 In addition, there is evidence that these teleconnections between tropical oceans also 
favour certain types of EN. For instance, SST anomalies in North Tropical Atlantic during 
boreal spring could entail an atmospheric response over the central-eastern tropical Pacific 
modifying the surface winds and favouring the CPEN development (Ham et al. 2013a; Wang 
et al. 2017).  Moreover, equatorial Atlantic SSTs (i.e: Atlantic Niño) could also alter the 
Walker circulation, impacting on the surface winds in the central-western Pacific and trigger 
oceanic Kelvin waves (Rodríguez-Fonseca et al. 2009; Ham et al. 2013b; Polo et al. 2015). 
 Stratospheric volcanic eruptions are another example of externally forced events that 
influence ENSO (Adams et al. 2003). As a recent modelling study has shown, volcanic 
cooling for tropical eruptions is stronger in the high latitudes, leading to an enhanced equator-
to-pole temperature gradient and tending to accelerate the westerlies while enhancing 
baroclinic instability closer to the equator (Stevenson et al. 2016).  
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 In summary, although there are many causes of westerly wind anomalies, the simplest 
method to include these causes in a statistical method for ENSO prediction is through the 
resulting westerly wind anomalies and through indicators of the original cause of these wind 
anomalies itself. 
 ENSO predictability has dropped for recent years. Barnston et al. (2012) analysed the 
seasonal forecast skills of many dynamical and statistical models for the recent decade. This 
study shows that forecasting ENSO posed a greater predictive challenge after the early 2000s. 
Reasons are not yet clear, but the study suggests it could be related to a smaller ENSO 
amplitude and greater year-to-year fluctuations between EN and La Nina. McPhaden (2003) 
proposed that the warm water volume, i.e. the mean upper ocean heat content (OHC) of the 
120ºE-80ºW equatorial Pacific, is often a good predictor for ENSO seasonal forecasting since 
lag correlations are greater than 0.7 at lead times of 7-9 months for anomalies starting in 
February through May. However, several recent studies have pointed out that the equatorial 
Pacific OHC has a weaker correlation with the Niño3.4 region since 2000 (Horii et al. 2012; 
McPhaden 2012). In addition, there has been a westward displacement of the anomalous wind 
forcing associated with ENSO after 1999 (Bunge and Clarke 2014).  
 As notes in many studies, the Pacific has undergone a climate regime shift in the late 
1990s after the strong 1997-98 EPEN (Minobe 2000; Bond et al. 2003; Hong et al. 2014). 
This shift is characterized by a warming of the West Pacific (WP) and a cooling of the CP. 
Such a shift may explain the breakdown of the OHC as one of the ENSO predictors after 2000 
(Horii et al. 2012, McPhaden 2012, and Bunge and Clarke 2014). The reduced predictability 
of ENSO might also be due to the recent EN shift to a more CPEN flavour, in which the SST 
warming is not related to a thermocline feedback (Chung and Li 2012; Xiang et al. 2013; Lai 
et al. 2015). Possible causes can be related to natural ENSO variability on interdecadal time 
scales (Chen and Wallace 2015). This includes subtropical and extratropical signatures in SST, 
such as the Pacific Decadal Oscillation (PDO) pattern (Pascolini et al. 2014). Hu et al. (2013) 
found that the interannual thermocline variability has decreased for 2000-2011, citing a 
stronger Walker circulation as possible cause. Conversely, Sohn et al. (2012) suggested that a 
decadal variation of EN (more CPEN) caused the Walker circulation to intensify. Wen et al. 
(2014) also support the view that the basin-wide mean thermocline variation is not a good 
predictor for EN after 1999. They proposed that strengthened subtropical cells provide a 
pathway for the enhanced influence of off-equatorial thermocline variations on the 
development of ENSO events after 1999. Lyon et al. (2014) found when removing the effects 
of ENSO and global warming from the data that the climate regime shift around 1999-2000 
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could result from a change in the PDO phase, but the causality between the two is not 
addressed.  
 Besides the PDO, other large-scale decadal SST patterns such as the Atlantic Multi-
decadal Oscillation (AMO) could also contribute to the observed regime shift. Several authors 
have proposed that AMO-like SST patterns could modify the tropical Pacific background 
state and ENSO seasonal cycle, enhancing/reducing ENSO variance (Dong et al. 2006; 
Timmerman et al. 2007; Zhang and Delworth 2005; Zanchettin et al. 2016; Levine et al. 
2017). Another factor could be Global Warming, which could interact with the natural 
internal variability to generate the ENSO variations during recent decades (Kucharski et al. 
2011; Kang et al. 2014; Liu and Sui 2014). 
 Xiang et al. (2013) point out that the more La Niña-like ocean state after 1999 caused 
an anomalous subsidence in the CP, displacing the weak westerlies to the west. This, together 
with anomalous easterlies in the EP, restricts the SST anomalies to the central part of the 
basin, favouring a CPEN development. The La Niña-like mean state after 1999 could also 
favour the occurrence of negative ENSO events, since the ENSO asymmetry seems to be 
attributed to zonal displacement of the surface winds and the wind-SST feedback (Kang and 
Ku 2002; Frauen and Dommenget 2010). Furthermore, the ENSO phase, together with its 
flavour (CP and EP spatial configurations) seems to be crucial to determine its characteristics 
and teleconnections (Dommenget et al. 2013; López-Parages et al. 2015). 
 This study updates, augments, and refocuses the analysis of the change in mean 
climate state that has led to a change in forecast performances. 
 
1.5.  El Niño in CMIP5 
 Understanding of global warming and its effect on ENSO requires climate models to 
simulate ENSO correctly. Projections of whether global warming will strengthen or weaken 
ENSO are sensitive to the quality of ENSO simulations in climate models (Collins et al. 2010; 
Vecchi and Wittenberg 2010).  There have been on-going improvements in climate models. 
Many of them have contributed to the Climate Model Intercomparision Project phase 5 
(CMIP5). CMIP5 has been designed in support of the Intergovernmental Panel on Climate 
Change (IPCC) Fifth Assessment Report. Given various model biases and lack of model 
agreements for the 21st century projection, the projected changes for ENSO behaviours 
remain largely uncertain, and therefore the quality of ENSO simulations should be explored 
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(Chen et al. 2016). This study will investigate how well El Niño is simulated in a number of 
CMIP5 models.  
 Some studies have given a broad-brush picture of the ENSO simulations in CMIP5, 
and compared them with CMIP3 (e.g. Bellenger et al. 2014). There are modest improvements 
in the location of SSTA, seasonal phase locking, and cold bias in the WP, but there is no 
quantum leap in ENSO performance or sensitivity (Guilyardi et al. 2012). Hence, accurately 
simulating ENSO using Coupled Global Circulation Models (CGCMs) remains a challenge 
because of the complex interplay between various oceanic and atmospheric processes. More 
processes are included in CMIP5 models, implying that there are new feedbacks to amplify 
biases, more uncertain model parameters to constrain, and more constraints when finalizing 
the model set up (Guilyardi et al 2009). 
 Systematic model biases still are present in CMIP5 models. They are related to the 
shape of the transition between the Indo-Pacific warm pool and equatorial cold tongue, 
erroneous location of the eastern edge of the Indo-Pacific warm pool, positions and 
orientation of the Southern Pacific Convergence Zone (SPCZ), and Intertropical Convergence 
Zone (ITCZ) (Grose et al. 2014). These climatological biases affect the fidelity of the 
simulated ENSO. Central Pacific precipitation anomalies associated with ENSO remain 
poorly represented, and the wind-SST, or the air-sea interaction feedback is underestimated, 
which could dampen the simulated EN intensity (Bellenger et al. 2014).  
 In addition to the ENSO representation in general, attention in this study is also given 
to the inter-EN variations whereby EN can exist in CPEN or EPEN (e.g. Ashok et al. 2007; 
Kao and Yu 2009). Kug et al. (2012) show that most models in CMIP3 tend to simulate a 
single type of EN, but several CMIP5 models are now better at simulating the observed 
spatial patterns of the two types of ENSO, which is related to a better precipitation response 
over the EP. This improved response is related to the reduced dry bias over the EP. There is a 
significant correlation between the climatological precipitation over the EP and the model’s 
fidelity in simulating the two types of EN; that is, less EP precipitation dry bias leads to better 
simulation of the two types of EN. However, Kim & Yu (2012) show that models still have 
more difficulty to reproduce the observed EPEN intensity than the observed CPEN intensity. 
Taschetto et al. (2014), consistent with Kim & Yu (2012), show that EPEN intensity is less 
well represented with biases towards lower amplitude. Spatial patterns of events, particularly 
the CP events, extend further west in the simulations compared to observations. The 
representation of ENSO into CP and EP events in climate models is sensitive to the 
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atmospheric response, in particular of the location of convection, to the underlying SST 
anomaly patterns (Ham and Kug 2012; Kug et al. 2012). 
 It is important to explore the oceanic component of the models to understand the 
potential errors in ENSO simulations. Weare (2013) shows that variations of two modes 
related to ENSO: oceanic subsurface flow associated with anomalous upwelling and 
downwelling, are spatially well captured, but the thermocline depth variability and 
magnitudes of these two modes are almost always underestimated in magnitudes. This could 
partly explain why models in CMIP5 still struggle to produce EPEN amplitudes as big as in 
the observed record. 
 Finally, the ability of the models to make ENSO predictions within their own model 
climate is worthy of study. Zhang et al. (2015) shows that EN predictions may be most 
sensitive to the initial errors of temperature in the subsurface layers of the western equatorial 
Pacific and the Niño3.4 region. They found that models often have a particular mode prior to 
an EN event that causes the spring predictability barrier. This mode exhibits a positive SST 
bias in the central-eastern equatorial Pacific, namely a subsurface positive (negative) 
temperature bias in the upper layer of EP (lower layer of WP). These patterns are similar to 
the precursor patterns prior to a La Niña event. The WP subsurface cold bias would propagate 
eastward like an upwelling Kelvin wave, ultimately yielding a cold bias over the central-
eastern Pacific and under-estimating the EN event. This study provides another possible 
reason why models have difficulty in simulating strong EN events. However, since only the 
three models are investigated, and they are not necessarily the best-performing models further 
investigations with more models are worth undertaking. 
 Studies on ENSO simulation in CMIP5, e.g. Bellenger et al. (2014), Guilyardi et al 
(2012), and Taschetto et al (2014), are valuable resources for an overview of the ENSO 
performances in all the CMIP5 models, but are not very detailed in nature given the large 
number of models analysed. Guilyardi et al (2012) proposed a set of standard metrics for 
ENSO; however, these are often static indices that give an overall assessment but not the 
details of ENSO evolution in the models. For example, the Niño3, Niño3.4, Niño4 regions, 
and the multi-model mean, are often used to assess ENSO variability (e.g. Grose et al. 2014; 
Taschetto et al 2014; Bellenger et al. 2014). These studies also mostly focus on the 
atmospheric feedbacks associated with ENSO. In order to better understand the representation 
of the mechanisms involved in ENSO simulations, a study of the oceanic thermocline 
feedback is needed. Wear (2013) managed to assess the ocean subsurface flow associated 
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with upwelling and downwelling, by using combined empirical orthogonal functions (CEOF). 
CEOF provide the spatial patterns for three variables (ocean temperature, vertical and zonal 
velocities) that are maximally correlated to a single set of time coefficients. The dominant 
CEOF modes for 30 available years are analysed, therefore it may be considered as static, 
providing a snapshot of the oceanic state of various models without taking low frequency 
variability into account. In this study, the ocean dynamics in response to the atmospheric 
forcing will be investigated by analysing temperature patterns and thermocline changes with 
time, which provides another and more intuitive perspectives to model’s ability in simulating 
EN. 
 Bellenger et al. (2014) assesses the ENSO performance for each model by defining 
the SSTA standard deviation in Niño3 as “amplitude”, the percentage of EN peak in EP as the 
“structure”, and the ratio of the average SSTA standard deviation in Niño3 for NDJ over 
MAM as “seasonality”. The ENSO score is then defined as the average of these primary 
scores. Grose et al. (2014) assesses ENSO based on the standard deviation of the Niño3.4 
index, number of events, and correlation and root mean squared error of Niño3.4 that are 
calculated for 18 months of EN periods and compared to reanalysis data. The study also 
assesses other climate features such as the ITCZ and South Pacific convergence zone (SPCZ) 
by the spatial correlation of DJF rainfall to the observed rainfall. The four models with the 
lowest biases are classified to be the “best” models in their studies. 
 In this study, a subset of models from the CMIP5 that are considered to be better-
performing according to Bellenger et al. (2014) and Grose et la. (2014) will be assessed in 
detail following the methods developed in Chapter 2. Aspects in assessing the model 
performances include the frequencies and diversities of EN, temporal and spatial SSTA 
patterns, ocean dynamics related to Kelvin waves and thermocline feedback, patterns of the 
ZWA, the combined effects of ZWA and recharged state, and the ENSO predictability. 
 
1.6.  Westerly wind bursts as a triggering mechanism for El 
Niño 
 The westerly wind anomalies over the Western Pacific are crucial for the onset and 
development of an El Niño event (Keen 1982; Graf 1986). This is shown by observational 
studies (e.g. Vecchi & Harrison 2000; Lai et al. 2015) and modelling studies (Fedorov et al. 
2014; Hu et al. 2014; Lian et al. 2014). Continuous westerly wind anomalies have a stronger 
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influence than a single westerly wind burst, which is consistent with the emphasis on the use 
of cumulative zonal wind anomalies in Chapter 2 and 3. Physical processes that cause 
westerly wind anomalies will be investigated. 
 There are several possible causes for the westerly wind anomalies that can influence 
ENSO: 
1. Cyclones to either side of the equator produce westerly winds on the equatorial side 
(Keen 1982). 
2. When low-level atmospheric south-easterly (north-easterly) winds cross the equator, 
they change to a westerly flow due to Coriolis force. These are usually linked to the 
East Asian summer (winter) monsoon (Hartten 1996).  
3. Madden-Julian Oscillation (MJO) (Madden & Julian 1972): a large-scale atmospheric 
circulation and deep convection propagates eastward from the Indian Ocean, and 
varies intraseasonally (30-90 days). Strong MJO events have been observed during 
the onset and growth of the strong 1982-83 and 1997-98 Eastern Pacific El Niño 
(Bergman et al. 2001). But ENSO-MJO cause and effect are difficult to separate 
(Marshall et al. 2009). Whether MJO can trigger an El Niño event remains 
controversial. 
Some studies that showed WWBs can cause SST warming. Vecchi and Harrison (2000) 
showed that WWBs in the WP and CP precede substantial equatorial Pacific cold tongue 
warming when ENSO is in a neutral condition, and maintain warm CP and EP SSTA in EN 
conditions. WWBs have also been shown to drive EN-like SSTA in realistic ocean circulation 
models (e.g. Harrison and Chiodi 2009). There is some evidence that MJO episodes can 
initiate ENSO events by air-sea interaction that enhances MJO-induced wind stress forcing of 
Kelvin waves (Roundy and Kiladis 2006), but MJO does not significantly affect the 
likelihood that a WWB will occur (Chiodi et al. 2014). Hence, the role of MJO in the 
dynamics of EN, while important, remains elusive.  
 Although these studies have concluded that WWB can cause SST warming, synoptic 
patterns and characteristics of these WWBs, and the OHC associated with potential Kelvin 
waves have not been explored. This study will focus on the relationships between the two 
crucial ingredients that could lead to EN: (1) the WWB, and (2) Kelvin waves. We will try to 
reconcile findings within a unified framework. We will describe conditions and 
characteristics of WWBs that trigger Kelvin waves. Causes of WWBs will be investigated. 
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 To further explore if climate models are able to capture the mechanisms for triggering 
EN as found in the reanalysis, output from one of the Norwegian Earth System Model 
(NorESM) will be analysed. This involves using higher temporal resolution than the CMIP5 
archive can provide for the ocean component. Strengths and weaknesses of the NorESM in 
simulating characteristics of WWBs will be analysed. 
1.7.  Structure of the thesis 
 In the following chapters, the methods, results, and discussions of the implications of 
the results are presented in each chapter. Chapter 2 characterises different EN types.  The 
statistical model based on the findings in Chapter 2, and the comparisons with other models, 
are presented in Chapter 3. Chapter 4 analyses the performances of the CMIP5 models in 
representing ENSO. The characteristics of WWB in the reanalysis are discussed in Chapter 5, 
and the simulated WWBs in NorESM are compared with the reanalysis in Chapter 6. Chapter 
7 offers a conclusion and discussion of the main results. 
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Chapter 2 : El Niño Characterisation 
 There has been a lot of discussion about different types of El Niño in the recent past.  
While some authors advocate for the differentiation between CPEN and EPEN (Ashok et al. 
2007; Kao and Yu 2009; Kug et al. 2009), others claim EN to be a continuum thus making a 
classification rather useless (Giese and Ray 2011). Most of the classifications are done 
statically, based on classical ENSO indices. Only few authors used pattern analysis (Johnsons 
2013). Here we go beyond previous attempts by analysing the evolution of SSTA pattern for 
individual EN events. In line with our main conclusion of an EN continuum we do not 
attempt to classify but rather characterise EN events. 
2.1 Methodologies 
2.1.1 Datasets 
 The datasets used in this study include monthly mean SSTA, oceanic subsurface 
potential temperature, oceanic 20ºC isothermal depth, and zonal wind at 10m altitude. 
 The SSTA was obtained from the National Centres for Environmental Prediction, 
National Oceanic and Atmospheric Administration (NCEP/NOAA) reanalysis (Reynolds et 
al. 2002) version 2 with 1º x 1º horizontal resolution  
(www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html).  Its SST fields were updated 
from version 1 with more data from the Comprehensive Ocean-Atmosphere Data Set 
(COADS), and with a new sea-ice to SST conversion algorithm.  
 The upper ocean heat content can be estimated by different parameters (e.g. Meinen 
and McPhaden 2000; Fedorov et al. 2014). We have chosen to use the ocean 20ºC isothermal 
depth and oceanic potential temperature as a function of depth obtained from the Behringer et 
al. (2004) Global Ocean Data Assimilation System (GODAS). They represent the ocean heat 
content without further calculation. Data can be obtained directly from GODAS. 
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GODAS/ 
 The NOAA NCEP Reanalysis 2 was used for zonal wind since it is based on an 
improved model with updated parameterisations of physical processes compared to NOAA 
NCEP reanalysis 1 and with more observations included (Compo et al. 2011).  
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https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html 
The ERA-Interim zonal wind reanalysis from the European Centre for Medium Range 
Weather Forecast has amplitudes of the anomalies and spatial patterns similar to the NOAA 
NCEP reanalysis. It could have been an alternative choice but that differences to NCEP 
reanalysis are small enough that the choice used does not affect the analysis and conclusions. 
 Since data before 1980 are not available for the GODAS datasets, all studies are 
conducted for the 1980 to 2013 period. All variables presented here are based on monthly 
means. Anomalies are deviations from the 1981 to 2010 climatology. 
2.1.2 Characterisation of El Niño events 
 To characterise ENs we define the beginning of an ENSO cycle when SSTA average 
for at least six consecutive months exceeds +0.5K anywhere between 160ºE to 80ºW along 
the 5ºN-5ºS equatorial band. The onset month is the first month of the six consecutive 
months. Compared with the NOAA CDC classification, our analysis extends the region of 
analysis to the whole equatorial Pacific covering the Niño4 to Niño1+2 regions. The end of an 
ENSO event is marked by the month in which the SSTA drops again below +0.5K and SSTA 
stay below +0.5K for at least three more months in the 160ºE-80ºW, 5ºN-5ºS region. It would 
be a new ENSO event if the threshold were exceeded afterwards. 
 During an ENSO event, monthly SSTA patterns are analysed. A monthly pattern is 
considered a CP warming pattern if the SSTA of 1.0K or above do not reach the coast of Peru 
(in neither Niño-1 nor Niño-2 region). The threshold of 1.0K is chosen because 0.5K 
threshold (used for defining onset and end of the ENSO episode) is not sufficiently high 
enough to distinguish the spatial differences between CPEN and EPEN. The 0.5K signals are 
noisy over the cold tongue. The 1.0K threshold ensures the detection of signals are above the 
noise. 
 An EP positive SSTA pattern has SSTA of 1.0K or above near the coast of Peru (in 
Niño-1 or  Niño-2 region). Using this pattern analysis, we can describe the temporal evolution 
of individual EN events. 
 An EN event is considered to be a CPEN event if only CP warming pattern occurs 
during its evolution. It is considered an EPEN event if more months are characterized by an 
EPEN than CPEN pattern over the lifetime of the event. Mixed CP and EP warming patterns 
occurring over the lifetime simultaneously or subsequently will be called Hybrid El Niño 
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events (HBEN). As it will turn out, ENSOs can be seen as a continuum with the end members 
being CPEN and EPEN events. 
 Our method is unique and differs slightly from other studies that attempted to classify 
different EN types, because we have introduced an HBEN. Pascolini-Campbell et al. (2014) 
explicitly explored various different studies that attempted to classify EN events, and found 
that different methods and datasets yield different results. They also emphasise that solely 
relying on indices may lead to misclassifications. Many methodologies only use traditional 
ENSO indices (e.g. Ashok et al. 2007), empirical orthogonal function (EOF) (e.g. Takahashi 
et al. 2011; Yu and Kim 2012), or composites of the boreal winter (e.g. Yeh et al. 2009). 
These are static and do not capture the temporal evolution of patterns. Lian and Chen (2012) 
also raise doubts on classification of SST variability using EOFs. Therefore, it is not 
surprising that some events that were classified as CPENs in previous studies actually show a 
HBEN characteristic when the temporal evolution of patterns is taken into account. 
Table 2.1. Characteristics of El Niño events during 1980-2016 
 
 
2014-16 2009-10 2006-07 2004-05 2003-04 2002-03
El Niño typea EP HB HB CP CP HB
Evolution Patternsb
CP è (CP+EP) è 
CPèEP
(CP+EP) è CP (CP+EP) è CP CP CP CP è EP è CP
Evolution Timeline:
Onset monthc 2-2014 5-2009 6-2006 7-2004 6-2003 9-2001
(CP+EP) or EP Period
10-2014 to 1-2015
4-2015 to 5-2016
 5-2009 to 10-2009 6-2006 to 1-2007 NA NA 11-2002 to 12-2002
Peak month 11-2015 1-2010 12-2006 11-2004 12-2003 11-2002
Max. SSTA (K) 3.45 2.75 2.45 1.82 1.56 2.89
Longitude 110ºW 160ºW 172ºW 174ºE 168ºE 163ºW
Endd 6-2016 4-2010 3-2007 4-2005 2-2004 4-2003
1997-98 1994-95 1991-92 1986-87 1982-83
El Niño typea EP HB HB HB EP
Evolution Patternsb CP è EP CP è EP è CP CP è EP è CP CP è EP è CP CP è EP
Evolution Timeline:
Onset monthc 3-1997 7-1994 8-1990 8-1986 4-1982
(CP+EP) or EP Period 5-1997 to End 11-1994 to 12-1994 5-1991 to 5-1992 1-1987 to 12-1987 8-1982 to End
Peak month 12-1997 11-1994 4-1992 7-1987 1-1983
Max. SSTA (K) 5.39 2.67 3.25 2.95 5.44
Longitude 106ºW 166ºW 84ºW 156ºW 127ºW
Endd 5-1998 4-1995 10-1992 2-1988 9-1983
a CP, HB, EP = Central Pacific, Hybrid, Eastern Pacific El Niño, respectively
b (CP+EP) = CP and EP ENSO happen simultaneously
cOnset =    The first month of SSTA ≥ 0.5K occurs in 160ºE-80ºW and 5ºN-5ºS for at least five consecutive months
dEnd = Final month with SSTA ≥ 0.5K inside the region as in "Onset"
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2.2  The identified El Niño events 
 The analysis of SST data since 1980 allows identifying 10 El Niño episodes with 
different characteristics as presented in Table 2.1. The identified types of El Niños match 
previous classifications by Johnson (2013). His classification is based on a neural network-
based cluster analysis called self-organising map analysis paired with a statistical 
distinguishability test resulting nine patterns, where five of them are La Niña patterns. CPEN 
is equivalent to Johnson’s (2013) cluster pattern “6” and “7”, HBEP and EPEN are number 
“8” and “9”, respectively - see figures 2 and 3 in Johnson (2013).  The methodology used here 
adds more information about the evolution of an EN event, whereas in Johnson (2013) only 
the ENSO peak period [Sep(0)-Feb(1)] is used and thus the pattern evolution is not 
considered. Time notations (-1), (0), and (1) indicate the year before, during, and after the EN 
occurrence, respectively. The information provided in Table 1 shows that the CP SSTA 
pattern is present for all ENSO events.  The CP warming pattern forms an integral part of any 
ENSO evolution and, consistent with the hypothesis of Graf (1986), almost all ENSO 
episodes started with a CP SSTA pattern. The two exceptions (2009-10, 2006-07) started with 
simultaneous CP & EP SSTA patterns. All CPEN and HBEN cases ended with a CP warming 
pattern, whereas the EPEN (1982-83 and 1997-98) SSTA patterns were retained until they 
turned into La Niña conditions without shifting back to a positive CP SSTA pattern. The 
EPEN type is the strongest EN, with maximum SSTA almost 3ºC higher than for all other 
EN. Conversely, CPEN is always a weaker EN event in terms of SSTA. Its maximum SSTA 
never exceeded 2ºC. However, we have to keep in mind that the location of these weaker 
SSTA in the central equatorial Pacific are on top of an already warm climatological SSTA 
and, thus, may lead to stronger precipitation anomalies and teleconnections (Graf and 
Zanchettin, 2012). 
 According to table 1 the dominant ENSO flavour is HB of which there were six, in 
addition to only two CPEN, and two EPEN. This result is consistent with (Newman et al. 
2011) who claim that ENSO events form a continuum of mixed CP & EP patterns. Even 
though a HB classification is not mentioned in their study, their results imply that HB should 
be the common pattern. Both EPEN are preceded by CP warming. This can be understood 
since enhanced convection over the CP leads to westerly wind anomalies over the WP that 
can trigger a Kelvin wave that potentially leads to an EPEN (Graf 1986). Another important 
difference between different EN events is the month of the first significant SSTA anomaly, 
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which is in boreal spring (March/April) for EP events, but later in the year (between May and 
September) for all other events  
 Having defined the individual EN events and their types based on the evolution of 
SSTA patterns, we will now investigate some of the relevant oceanic and atmospheric 
parameters that determine the evolution of EN episodes. We will concentrate here on oceanic 
subsurface potential temperature and atmospheric zonal wind anomalies since these are the 
most important parameters for equatorial Kelvin waves that play a central role in EN 
dynamics (Graf 1986; Jin 1997; Jin and An 1999; Chen et al. 2013). 
 
2.3 Oceanic subsurface potential temperature and Kelvin 
waves 
 The oceanic potential temperature anomalies (PTA) as a function of depth was 
analysed, which allows a better understanding of the role of oceanic dynamics in different 
ENSO types than just SSTA.  The potential temperature is the temperature that a parcel of 
water would have if it were moved adiabatically to a reference pressure. This means the 
effective temperature after removing the heat of the parcel associated solely with 
compression. Reference pressure is the sea level pressure, with water pressure at zero decibar 
(Baum 2004). Potential temperature instead of in-situ temperature is used so that the heat 
content of water masses can be compared across different depths. In Figure 2.1 PTA are 
displayed across the equatorial Pacific next to the patterns of SSTA for the different stages of 
all individual EN episodes. The Figure is organised by EN types as defined in Table 1: EPEN 
(2a), CPEN (2b) and HBEN (2c). We have introduced a simple significance test based on 1.3 
Sigma indicating a 80% confidence level based on a two-tailed z-test. Areas with anomalies 
exceeding the 1.3 Sigma level are hatched in Figure 2.1. The calculated sigma, based on the 
monthly means for a particular month across 1980-2016, is a conservative estimate since it 
includes the variability produced by El Nino and La Nina events. 
 The left-most panels in Figure 2.1 display the two-month averages of PTA before the 
onset of ENSO (as defined in Table 1). Positive PTA in the WP region of 130ºE-170ºE 
indicate that the equatorial ocean there is “loaded” corresponding to a recharged thermocline 
state in terms of the recharge-discharge oscillator (Jin 1997). The recharged state cannot be 
detected or determined just by SSTA alone. The columns following to the right are for the 
months associated with the onset, peak, and end of the ENSO event, respectively. The 
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corresponding SSTA plots are shown below the PTA analysis. The Hovmoller diagrams of 
the PTA and the 20ºC isothermal depth (thereafter called isothermal depth) in Figure 2.2 are 
plotted for the 1997-98 EPEN, the 2004-05 CPEN, and the 2009-10 HBEN. These examples 
are selected because they are the best representation of some distinctive features seen below 
the ocean surface for each ENSO type.  
 For the Western Pacific recharged state, the PTA average over the volume of 5ºN-
5ºS, 130ºE-160ºE, and the top 250mis considered. As will be seen later that this choice 
optimises the correlation with the peak Niño3.4 SSTA. Stronger recharged states are 
characterised by larger positive PTA. When considering the PTA across the equatorial 
Pacific, the depth and strength of positive PTA increases from CPEN, HB, to EPEN for the 
onset and peak of the ENSO events, although there are significant differences between 
individual events. EPEN shows an extensive basin-wide phenomenon of large West-East 
anomalies of opposite signs during its peak, whereas CPEN exhibits a more local subsurface 
temperature evolution over the CP, and HBEN shows a combination of both features.  
(a) Eastern Pacific El Niño 
Figure 2.1. From left to right panels are the composite of two months before an ENSO onset, the onset month, 
peak month, and final month, respectively, for a EPEN, b CPEN, and c HBEN. For each ENSO event, the top 
row shows the 5ºN-5ºS oceanic potential temperature anomalies as a function of depth, the bottom row shows 
the SSTA. The shading and contours are the anomalies at interval of 0.5ºC. The hatching denotes values that 
are significant at the 1.3 standard deviations or the 80% confidence level based on a two-tailed z-test. 
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(a) Eastern Pacific El Niño (continue) 
Figure 2.1(a) continue. 
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 The observed positive PTA in EPEN (Figure 2.1a) is a downwelling Kelvin wave. Its 
propagation is shown in Figure 2.2a. Left panels of Figure 2.1a show the months before the 
onset of EPEN. The WP region is filled with positive PTA to a depth of about 250m, 
indicating a recharged state. At the beginning of the EPEN, while there are SSTA near the CP  
(b) Central Pacific El Niño 
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(c) Hybrid El Niño 
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(c) Hybrid El Niño 
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and off-equatorial CP, the positive PTA starts to propagate as a Kelvin wave toward the EP 
(also shown in Figure 2.2a) and the SSTA moves slightly to the East as well. The EPEN starts 
off with a CP warming and the Kelvin wave is propagating underneath the CP warm 
anomalies at the thermocline depth with rather weaker effects on the SSTA. During the peak 
of EPEN, the Kelvin wave has propagated to the EP, causing positive PTA reaching the ocean 
surface and covering the entire EP (180º-90ºW). In addition, positive PTA penetrate to a 
depth of up to 350m. This process manifests itself in a strong EP SSTA signal.  During this 
peak period, a large out-of-phase anomaly is seen: negative PTA appear over the WP. These 
negative PTA are the upwelling Kelvin waves during the EPEN decay phase and will 
eventually reverse the phase of ENSO into La Niña. This is the typical phase-transition 
mechanism of an EPEN. The upwelling Kelvin wave is originating from the reflection of 
Rossby waves over the WP. This is consistent with the delayed-oscillator theory (Suarez and 
Schopf, 1988; Battisti and Hirst, 1989; Kug et al. 2009). 
 In the two CPEN cases of 2003/4 and 2004/5 the WP is not recharged before the 
onset of the event. The overall growth of the positive PTA is localised over the CP region. 
During the peak of the CPEN, when SSTA reach their largest extent over the CP, deep 
penetration and propagation of the PTA, as typical for EPEN, is not observed (Figure 2.1b). 
Over time, the positive PTA near 180º spread across the ocean subsurface in zonal direction 
and decay. The fact that the WP is not in a recharged state implies a weak potential for Kelvin 
wave propagation. 
 The HBEN cases show features and magnitudes between that of the CPEN and EPEN 
with high variability. They have onsets like a weak CPEN (except 2009-10), with a surface 
warming around 160-180ºE, also apparent in the SSTA (Figure 2.1c). Positive PTA is seen 
two months before the onset and in the onset month at the subsurface down to a depth of 
about 200m. An eastward propagating Kelvin wave like in the EPEN case is observed (see 
also Figure 2.2c), but with smaller amplitude and high variability between the individual 
cases. At the peak of the HBEN, the EPEN-like PTA patterns are evident: positive PTA from 
180º to 80ºW and negative PTA to the West, but again, with smaller amplitude than for 
EPEN. The Kelvin wave inducing a deepening of the thermocline leads to an EPEN-like 
pattern at the surface (second right panel, Figure 2.1c). An out-of-phase PTA signal is 
observed at the end of the event similar to EPEN. The upwelling Kelvin wave then propagates 
eastward during the decay phase, potentially leading to an ENSO reversal. However, the CP 
SSTA and a shallow subsurface (50m) warming remain when the EPEN pattern disappears.  
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Figure 2.2. Oceanic potential temperature on a Hovmoller plots for a 1997-98 EPEN, b 2004-05 CPEN, c 
2009-10 HBEN, with left panels at a depth of 5m, middle panels at 105m and right panels for the 293K 
isothermal depth anomalies. The blue and black arrows illustrate the conceptual evolution of maximum SSTA 
and propagations of Kelvin waves respecitvely. The dots denote the maximum potential temperature for each 
month. The dash lines mark the onset and the final months of the ENSO events. 
(a) 1997-98 EPEN 
(b) 2004-05 CPEN 
(c) 2009-10 HBEN 
2003-04 
CPEN 
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 Considering only the WP recharged state does not fully explain why some events 
evolve into an EPEN, and some only evolve into a moderate HBEN. In the 1994-95 event, for 
example, the analysis of Figure 2.1c and 20ºC isothermal depth anomalies (not shown) 
reveals that the WP region was at a discharged state at the onset when a CP warming started 
in July 1994. This CP warming intensified, leading to a deepening of the thermocline locally 
in the CP. This was then deep enough to create the potential for the observed Kelvin wave 
propagating eastward from the CP. In contrast, during the 2002-03 HBEN event the WP was 
in a recharged state, but had similar maximum SSTA (2.9ºC) compared to the 1994-95 HBEN 
event (2.7ºC). 
 For the EPEN cases, a recharged state of the WP before the main EN event is 
necessary to create the potential for a Kelvin wave that can travel eastward underneath an 
initial CP warming. This can also happen for the HBEN cases. When this happens, it leads to 
an EP warming pattern. For HBEN and EPEN a negative PTA region is also observed to the 
west of the Kelvin wave towards the end of the ENSO cycle. This is consistent with the 
delayed oscillator theory and indicates the phase reversal due to thermocline variations that 
can lead to a La Niña episode in the following year. For HBEN events the amplitude of the 
PTA variations are smaller. Each HBEN could become a fully-fledged EPEN event, but either 
the Kelvin wave is not travelling far enough into the EP or is not strong enough. 
  For EPEN, Figure 2.2a highlights the clear eastward propagation of a sequence of 
Kelvin waves, indicated by the arrows according to the overall PTA and isothermal depth 
patterns, and the monthly maximum PTA (shown in dots). When the Kelvin wave at the 
thermocline depth reaches 90ºW (e.g. middle panel in Figure 2.2a), the near surface water east 
of 180º (EP) warms up as the anomalously warm water is formed near the surface by the 
thermocline feedback over the EP. This near surface warming reaches into the CP near 180º 
where it persists until Apr-1997. The Western Pacific region (west of 180º) is in a recharged 
state (middle panel, Figure 2.2a) before the onset of the EN event and before the propagation. 
The 2009-10 HBEN (Figure 2.2c) has patterns like the EPEN but with smaller magnitude 
during the eastward propagation of the positive PTA. Note that the Western Pacific recharged 
state for this HBEN is very pronounced and even slightly stronger than for the 1997-98 
EPEN. For the CPEN, very weak or no propagation is seen at both depths (Figure 2.2b) as 
indicated by the near straight vertical pattern. Figure 2.2b also includes the 2003-04 CPEN, 
which has a similar pattern as 2004-05. The positive PTA grows locally at all depths over the 
CP region of Niño-4, implying that no Kelvin wave is involved. The western-most Pacific 
region is not recharged before the onset. 
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 In Figure 2.3 the maximum change in the 20ºC isothermal depth that occurred during 
an EN event over the EP region at 100ºW is plotted against the maximum SSTA anywhere 
between 160ºE-80ºW. The 20ºC isothermal depth is a common proxy used by NOAA for the 
variations in the thermocline and detection of Kelvin waves. The 100ºW maximum change in 
the 20ºC isothermal depth and the maximum SSTA correlate linearly very well with 
explained variance R2 = 0.88 through all data points in Figure 2.3. The graph is an illustration 
of how the ENSO intensity varies with ENSO types, and also indicates the importance of the 
thermocline feedback. The more EPEN-like the event is, the larger the maximum SSTA, and 
the stronger the thermocline depth variation due to a stronger Kelvin wave. As the debates on 
different ENSO types continue, this graph illustrates that the three ENSO types are separated 
into three distinct clusters, but also that there is a continuum with EPEN and CPEN as clear 
end members. The continuum is caused by variations in strength of the Kelvin waves and the 
longitudinal extents to which they can propagate. Without large isothermal depth anomalies 
(IDA), there is only a weak potential for Kelvin waves. The CP air-sea interactions only lead 
to a relatively weak and local anomalous CP warming. Yet, when the IDA is strong, a deep 
WP/CP thermocline (right panels, Figure 2.2) can favour the excitation of significant Kelvin 
waves strongly influencing the EP SST through the thermocline feedback generating a strong 
and immediate warming over the EP (Jin and An 1999; An and Jin 2001; Kug et al. 2009). 
Figure 2.3. For each data point shows the maximum SSTA throughout an EN event against the 
maximum change of the 20ºC isothermal depth over 100ºW during an EN event as defines in Table 1. 
Red, grey, and green denote EPEN, HBEN, and CPEN respectively. The circles show the clustering 
pattern of the three ENSO types. R2 of 88% is the linear fit through all data points. 
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 Different EN characteristics are associated with the extent to which the thermocline 
feedback affects the SST. Eastward propagating Kelvin waves play a key role in warming the 
EP. Weaker Kelvin waves can lead to HBEN, with SSTA smaller than during EPEN. No 
thermocline feedback mechanism is involved for the CPEN, and SSTA are weakest. The 
amplitude of the SSTA over the EP that depend on the thermocline feedback forms a 
continuum across EN events. 
Western Pacific Mean Potential Temperature Anomalies 
Figure 2.4. Mean Western Pacific potential temperature of the volume 130ºE-160ºE, 5ºN-5ºS, 
and 5m-250m, top for all ENSO events during 1980-2013, and bottom composite of each ENSO 
type. Red, grey, and green denote EPEN, HBEN, and CPEN respectively. The shades are the 
maximum and minimum values in the data of the composites. 
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2.4 Western Pacific recharged state 
 Since the WP recharged thermocline state is one of the essential factors in 
determining the ENSO evolution as discussed in section 3.2, we show in Figure 2.4 top panel 
the time series of volume mean PTA over the WP (140ºE-170ºE, 5ºN-5ºS, 5m-250m) for each 
ENSO event, and for the composites of each ENSO type (bottom panel, Figure 2.4). The lines 
are colour coded: green, grey, and red correspond to CPEN, HBEN, and EPEN respectively. 
 Each EN event behaves differently creating a strong variability, especially in the HB 
class. However, there are still a number of common and distinctive features.  While most of 
the events show a recharged WP state indicated by the positive PTA during the winter before 
the event, this is not the case for two events (CP 2003/04 and HB 1994/95). The composite 
plot (Figure 2.4 bottom panel) shows a clearer picture and resembles the observations in 
section 3.2, but we must keep in mind that the variability is strong, for instance, up to +/– 
1.2K for HBEN and +/– 0.8K for CPEN, so other factors apart from the recharged state are 
affecting the ENSO evolution. In the mean over the two events, EPEN shows the strongest 
recharged state almost a year before the peak of the event. The PTA drops significantly to 
negative values and reaches its minimum around Dec(0) for the EPEN. This indicates the 
westward propagating Rossby wave has reached the WP region and turning into an upwelling 
Kelvin wave at the peak of the EN event as shown by the strong eastward propagating 
negative PTA in Figure 2.1a and Figure 2.2a. Oceanic Kelvin and Rossby waves, which 
propagate in opposite directions, are forced by the basin boundaries to change into opposite 
wave characteristics through reflections (Suarez and Schopf, 1988; Jin 1997; Kug et al. 2009). 
The large amplitude also shows the strong phase-reversal signal of a typical EPEN. The 
CPEN case shows a very different behaviour. PTA were below 0.5K before May(0) indicating 
the lack of a recharged state (Hu et al. 2014), and therefore no phase-reversal mechanism is 
involved as shown by the relatively flat signal. In the mean, HBEN shows features 
somewhere between the two end members: moderately recharged and phase-reversed with 
large variations between individual cases. The recharged states prior to HB are generally 
weaker than before the two EPEN events before May(0), except for 2006-07 and 2009-10. 
These two most recent events behave quite similar in time. It is interesting to note that the 
recharged state of the 1986-87 HBEN early in the year was comparable to the 1982-83 EPEN. 
Both events start with a high positive PTA, but the phase reversal is limited. Obviously the 
strength of positive PTA alone is not sufficient to generate a really strong EN event.  
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 For completeness, the 130ºE-160ºE x 5ºN-5ºS mean 20ºC isothermal depth is 
displayed in Figure 2.5. Generally, a stronger positive PTA is reflected by a deeper 
thermocline. Both parameters are highly correlated with a joint variability of R2 = 0.84.  
 The isothermal depth composites in Figure 2.5 (bottom panel) show that in the EPEN 
case the thermocline is initially deeper, confirming the recharged state. HBEN shows values 
Western Pacific Mean Absolute Thermocline Depth 
Figure 2.5. As in Figure 2.4, but for the mean absolute 293K isothermal depth over the area 
130ºE-160ºE and 5ºN-5ºS. 
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in between that of the CP and EPEN, and highly variable conditions as shown in top panel of 
Figure 2.5. Once again, the events in 2006-07 and 2009-10 show slightly deeper isothermal 
depth than the EPEN events around Feb(0). In section 2.5 we will discuss why some strongly 
WP recharged states early in the year did not result in a EPEN-like event. 
 The CPEN shows a shallower thermocline depth and flatter profile after boreal 
spring, confirming the absence of a potential for a significant Kelvin wave. Several studies 
have shown that the associated CP SSTA are caused by sea-air interaction and zonal 
advection feedback (Ashok et al. 2007; Kao et al. 2009; Kug et al. 2009). The zonal SST 
gradient is strong due to the WP warm pool and EP cold tongue. Equatorial zonal ocean 
current anomalies can induce SSTA through zonal advection, and in turn induce zonal wind 
anomalies. The westerly wind anomalies over the WP and easterlies over the EP lead to 
surface convergence over the CP. The westerlies enhance SST warming by reduced equatorial 
upwelling, and the easterlies suppress the warming over the EP by enhanced upwelling.  
 A plot similar to Figure 2.3 is produced in Figure 2.6, but for the WP 140ºE-160ºE 
region. As for the EP region in Figure 2.3, a continuum is observed for the three EN types like 
in Figure 2.1, but the correlation is less strong, with R2 = 0.55 (0.88 for EP in Figure 2.3). 
Figure 2.6 shows that for CPEN, a small change in the thermocline depth in the WP implies 
that no discharge process can take place and there is little potential for a Kelvin wave to 
Figure 2.6. As in Figure 2.3, but for 140-160ºE. 
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propagate eastwards. The anomalies remain local. Although HBEN and EPEN have a similar 
change in the WP thermocline depth in the West Pacific, they develop distinctively different 
maximum SSTA in the East Pacific.  
 To summarize, the WP about a year before an EPENs is in a thermocline-recharged 
state, suggesting a strong potential for major Kelvin waves to propagate east. For CPEN, the 
WP is not recharged, supporting the fact that no Kelvin wave was involved. For some 
HBENs, recharged states are as strong as for the EPENs, and weaker for the other HBENs. 
The different recharged states that have led to similar intensities suggest that other factors are 
involved in the EN evolution. We will next analyze the equatorial zonal wind anomalies as a 
potential parameter creating these East Pacific SSTA differences. 
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2.5 Zonal wind anomalies 
 Figure 2.7 shows time series for the WP to CP cumulative 10m zonal wind anomalies 
covering 140ºE-160ºW (ZWA), accumulated from Nov(-1) to the indicated month. As shown 
later this choice will maximise the correlation of cumulative ZWA with maximum Niño3.4 
SSTA. In a given month, positive (negative) slope means westerly (easterly) anomalies 
Figure 2.7. Western-Central Pacific cumulative zonal wind anomalies of the area 140°E–160°W and 
5°N–5°S top for all ENSO events during 1980–2013, and bottom composite of each ENSO type. Red, 
grey, and green denote EPEN, HBEN, and CPEN respectively. The shades are the maximum and 
minimum values in the data of the composites. Positive anomalies are eastward. 
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dominate in the region during that month. Although the top panel of Figure 2.7 shows a 
variety of cumulative ZWA evolutions for all ENSO cases, in particular the EPEN and CPEN 
cases separate very well, while the HBEN cases overlap with both types. The composites in 
the bottom panel of Figure 2.7 capture the distinctive ZWA behaviors for each ENSO type. 
For the EPEN, strong and continuous westerly wind anomalies are observed, especially in the 
period of Feb(0) to Nov(0) as shown by the steeper positive slope. For the CPEN, there are 
weak westerly ZWA over the western most Pacific, because of easterly wind anomalies east 
of 160ºE leading to a zonal wind convergence to the west of 160ºE as discussed later and 
shown in Figure 2.8. The ZWA for HBEN falls between the two, with westerly anomalies 
starting from Apr(0) to Dec(0). Interestingly, the two most recent HB events of 2006/07 and 
2009/10 are different compared to other EN events. They show net easterly wind anomalies 
throughout the evolution of the events with only a short period of westerly wind anomalies 
evolving in mid to late summer as shown by the positive slopes in Figure 2.7. This means 
there appears to be only a short period of time suitable for triggering weak Kelvin waves. We 
discuss this further in the final section of this chapter. 
 Figure 2.8 displays the composites of the temporal patterns of ZWA in shadings, 
overlaid by the SSTA in contours to further examine the air-sea interactions, for the three 
types of EN. The small number of events prevents a meaningful statistical analysis. So, these 
figures should be taken as a qualitative indication of the underlying processes. For EPEN 
ZWA, the westerly anomalies dominate most of the WP to CP region and extend to the EP 
boundary (90ºW) in Feb(1). Initially, a CPEN-like SSTA pattern appears briefly in Jan(0)-
Feb(0) with a zonal wind convergence over the CP and positive SSTA occurring at the eastern 
edge of the westerly wind anomalies. Soon after Feb(0), strong westerly wind anomalies 
occur, triggering a Kelvin wave (Figure 2.2a). Propagation of the Kelvin wave starts when the 
SSTA is still dominated by the CPEN zonal feedback and surface convergence mechanism. 
As a consequence, positive SSTA reach the EP in Apr(0). The easterly wind anomalies to the 
East weaken and further retreat to the East Pacific. Subsequent westerly wind bursts continue 
to trigger Kelvin waves (Figure 2.2a). When these Kelvin waves reach the easternmost 
equatorial Pacific, a strong thermocline feedback causes a strong EP warming. 
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 In the case of CPEN, the westerly ZWA remain confined to the WP around 120ºE-
160ºE. At the same time, there are easterly anomalies over the EP from about 170ºE to 90ºW 
(mid panel, Figure 2.8).  This means that near-surface convergence in atmosphere and ocean 
leads to a localised warming over the western CP. The positive SSTA are restricted to the 
region near the East of the westerly wind anomalies. Over this region the background easterly 
wind is reduced resulting in enhanced SST due to reduced turbulent heat fluxes and reduced 
vertical oceanic turbulent mixing (Kug et al., 2009). 
 All the individual cases of HBEN behave differently (Figure 2.4 and Figure 2.7), but 
the key difference to EPEN is that in the mean the westerly wind anomalies remain over the 
western-most warm pool region until May(0). The initial state of HBEN resembles that of the 
CPEN, with convergence and positive SSTA near 150ºE. Compared to the EPEN case, the 
westerly wind anomalies are weaker and do not extend as far into the CP. The CP warming 
pattern favours deep convection over the higher SST. This intensifies the low-level westerly 
wind anomalies in the western-central Pacific region. The westerly anomalies gradually 
extend into the CP region like in the EPEN. At the end of boreal summer, the westerly wind 
Figure 2.8. Zonal wind anomalies (m/s) composites are shaded on Hovmoller plots. SSTA are overlaid 
in contours at 0.3K intervals. Panels on the left: EPEN, middle: CPEN, and right: HBEN. Positive 
anomalies are eastward. 
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anomalies are strong enough to trigger an additional, stronger Kelvin wave (Figure 2.2c). 
When this wave reaches the EP boundary, the thermocline feedback leads to positive SSTA. 
 Hence, in addition to the importance of the WP recharged state, westerly wind 
anomalies during boreal spring to summer are important for the ENSO development later in 
the year. For example, the 1982-83 EPEN and 1986-87 HBEN had similar recharged states 
but evolved differently because westerly wind anomalies were different. For the EPEN 1982-
83, westerly ZWA were observed early in the year around April 1982, which is likely to cause 
strong downwelling, accumulating heat in the upper ocean. During the evolution of the 1986-
87 HBEN westerly wind anomalies remained weak and did not strengthen until Oct 1986 
(Figure 2.7). The anomalously strong WP recharged state in both 2006-07 and 2009-10 not 
resulting in an EPEN event can now be explained using top panel of Figure 2.7. The two 
factors that determine the strength of an EN event are the western Pacific recharged state and 
the western-central Pacific cumulative ZWA. Although the initial states in both events were 
strongly recharged, only weak cumulative ZWA were observed, and the excited Kelvin waves 
were only weak. After 1997-98 EPEN, Pacific trade winds were strong (Hong et al. 2013; 
England et al. 2014), and this impeded any process creating westerly wind anomalies. 
 The cumulative ZWA up to the time of the maximum SSTA explains approximately 
60% of the total variance for the maximum SSTA in Niño3.4, Niño3, and Niño1+2 (not 
shown). The SSTA over the central-eastern Pacific is affected by the thermocline feedback. 
The thermocline feedback relates to the propagation of Kelvin waves and requires strong and 
continuous westerly wind anomalies along the equator. Hence, the SSTA of Nino1+2 depends 
more on the westerly wind anomalies than other Niño regions. For the Nino4 region the 
thermocline feedback is weak so that there is no correlation (not shown) between maximum 
SSTA and cumulative ZWA. 
 
2.6 Combined effects of zonal wind anomalies and 
thermocline state 
 Both, cumulative ZWA and PTA can explain some variance of maximum SSTA 
during ENs. We now investigate the combined effect of initial recharged state (!) and 
cumulative ZWA (U). For simplicity, we consider the Western Pacific thermocline recharge-
discharge state together with the cumulative ZWA as a linear combination of both effects. 
The Western Pacific mean PTA during Feb(0) from Figure 2.4 is used to describe the initial 
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recharged state !. We calculate the expected maximum SSTA, ! , using the following 
equation, 
 !  = α∙θ +β∙U                                       (Equation 1.1) 
 
Coefficients ! and ! are multiplied to θ and U, respectively and are determined by multi-
linear regression. !  has units of Kelvin per ms-1. β∙U describes the combined effects of 
thermocline feedback, zonal advection, and heat flux due to zonal wind forcing on SST. The 
values of ! and ! are chosen so that R2 is maximized and the bias of !  – Tmax minimized. 
The result for Nino4 is not shown because the correlation is still weak since equation (1) is 
mainly relevant for mechanisms related to Kelvin wave propagation. 
 Figure 2.9 shows the close linear relation between expected and observed maximum 
SSTA ( !  and Tmax) when information over the full evolution is taken into account for the 
ZWA, i.e. when the ZWA are accumulated up to the time of Tmax. The explained variances for 
the three regions are all above 80% (compared to only 60% when only ZWA is considered). 
This confirms that the strength of an EN event is highly dependent on two factors: cumulative 
(or sustained) westerly wind anomalies and the WP recharged state.  
 The ratio of ! to ! is larger for Niño1+2 (0.122) than for Niño3 (0.106) and Niño3.4 
(0.103). This indicates that the contribution from the westerly wind anomalies in warming 
Niño1+2 is stronger than in warming the Niño3 and Niño3.4. The Kelvin wave can more 
easily propagate to Niño3 and Niño3.4 without much dissipation. However, in Nino1+2, 
winds become more important because a complete eastward propagation of a Kelvin wave to 
the eastern-most Pacific has to be sustained by continuous westerly wind anomalies. 
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 Generally, an EPEN will occur if the two factors are strong and superimposed 
constructively. For CPEN, both factors are weak and therefore the thermocline feedback 
mechanism is not active, leaving only the effects of localized air-sea interactions and zonal 
advection feedback to sustain the CP warming. The level of constructive or non-constructive 
superpositions of both factors will result in a range of strengths for the EN events, which is 
the EN continuum, with CPEN and EPEN as end members. 
 
2.7 Discussions 
 By analysing the temporal and spatial SSTA evolutions of EN events, we find that all 
events start with CP warming patterns. Initially, there are westerly wind anomalies around 
120ºE-150ºE and easterly wind anomalies around or east of 180º. This allows eastward 
extension of the WP warm pool into the CP, but the warm sea surface water is confined by the 
easterly winds. This localised air-sea interaction is maintained by convective activity in the 
atmosphere. 
 We also find that each individual event evolved quite differently. The 1982-83 and 
1997-98 EPEN can be explained well by the recharge-discharge oscillator and delayed 
oscillator theory (Suarez and Schopf 1988; Battisti and Hirst 1989; Jin 1997). These events 
involve major Kelvin waves that fully propagate to the eastern-most Pacific and induce strong 
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SSTA with a factor !, and ! [K/ms-1] to calculate the expected SSTA 〈!〉 = !θ +!U. This is plotted 
against the maximum SSTA in: left Niño1+2, middle Niño3, and right Niño3.4 
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SSTA through the thermocline feedback. The 2003-04 and 2004-05 events had SSTA only 
confined in the CP. All the rest of the events had SSTA spatial patterns and intensities that lie 
in between CPEN and EPEN. 
 We found two parameters that determine the evolution of the events and confirm the 
“El Niño continuum” described by Giese and Ray (2011): the Feb(0) western Pacific 
recharged state as measured by PTA and the western-central Pacific cumulative ZWA. Both 
are related to the Kelvin wave mechanisms, and therefore the thermocline feedback. Using 
these two parameters, we are able to explain more than 80% variability of the maximum 
SSTA in all the standard Niño regions, except Niño4 because there the thermocline feedback 
is not important. This shows that the thermocline feedback and the initial recharged state of 
the WP and winds are equally important. A recharged state alone is necessary but not 
sufficient for the development of an EN event. The CPEN and EPEN are the end members of 
the El Niño continuum. 
 Fedorov et al. (2014) and Hu et al. (2014) used models to explore how different ocean 
recharged states forced with prescribed one-month WWB affect the diversity of EN flavours. 
They reach similar conclusions as we have found based on observations. Thus, our results 
support previous hypotheses. In addition, this study shows that cumulative ZWA are 
important in determining the EN evolution. With our analysis using a longer period of 
observational data than Meinen and McPhaden (2000), we are also able to explain the EN 
evolution after the Pacific climate regime shift (Hong et al. 2013). 
 In the case of EPEN, the WP recharged state is needed for a Kelvin wave to be 
triggered. Strong continuous westerly anomalies initiate and sustain the eastward propagation 
of Kelvin waves to the eastern-most Pacific region. Both factors superimpose constructively 
in the thermocline feedback mechanism. The HBENs fill in the El Niño continuum whereby 
the two parameters contribute differently for each of these events. Either the WP is 
moderately recharged with only moderate westerly wind anomalies, or the WP is strongly 
(weakly) recharged but with a weak (strong) westerly wind anomaly. Hence, a fully-fledged 
EPEN event is suppressed.  
 These two parameters are now able to explain why only after the 2000s there are two 
pure CP warming events (2003-04, 2004-05), and two events with strong WP recharged states 
that have not developed into a fully-fledged EPEN (2006-07, 2009-10). The strengthened 
easterly trade winds and Walker circulation in the past two decades have led to a La Niña-like 
mean state (England et al. 2014). One of the contributors could be the recent rapid Indian 
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Ocean warming (Rao et al. 2011). McGregor et al. (2014) also demonstrated that the unusual 
warming of the North Atlantic contributed strongly to the intensification of the Pacific Walker 
circulation. The easterly winds prevent Kelvin waves to fully propagate to the eastern-most 
Pacific and EP warming is suppressed by EP upwelling due to the intensified easterly winds.  
 In addition, evidence in our study (e.g. Table 1) suggests that there is a transition in 
the EN evolution after the 1997. As mentioned in the introduction, the phase of the North 
Pacific Oscillation (NPO) could play a role in the EN diversity observed, but NPO alone is 
not sufficient to explain the range of EN types. The transition to EN events characterized by 
CP warming patterns is related to the Pacific climate regime shift (Hong et al. 2013) including 
the effect of increased easterly winds. In the early 2000s, when the trade winds started 
strengthening, the WP was not at a recharged state due to the previous strong 1997-98 EPEN 
event. During the regime shift, the 2002-03 HBEN started off with a relatively weak 
recharged state. The moderate westerly wind anomalies led to a moderate event. As the 
background climate state entered a new phase, WP westerly wind anomalies on top of the 
increased trade wind only permitted localised CP warming, and led to the 2003-04 and 2004-
05 CPEN events. Details will be discussed in Chapter 3. 
 With the continuous easterly winds, warm water gradually accumulated in the WP so 
that the Pacific warm pool region was highly recharged by early 2006 (top panel, Figure 2.4). 
The fact that the warm pool was recharged further to the west (between 120 and 140oE) in 
2006-07 and 2009-10 compared to previous EN events means that westerly wind anomalies 
occurring further to the west, approximately 120ºE-130ºE (not shown) were responsible for 
the initial Kelvin wave of these events. So, the 140ºE-160ºW region that we use in this study 
in zonal wind analysis does not fully capture the initiation of these events. This has led to an 
underestimation of the expected maximum SSTA for the 2009-10 event by equation (1). In 
2006-07 and 2009-10, slackening of the strong easterly wind anomalies was sufficient to 
trigger a Kelvin wave. The effect of a weakening of the easterly wind anomalies compared to 
climatological values is comparable to the effect of westerly wind anomalies triggering a 
Kelvin wave. Considering the reduction of easterly wind over the western-central Pacific 
rather than anomalies from the climatology before and at the EN onset is possibly an even 
more efficient way of determining the evolution of EN. Different longitudinal domains for 
calculating cumulative ZWA could be chosen. These were explored and did not show 
improved correlation, so the study here is already presenting the optimal method. 
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 The 2015-16 EPEN was slightly different compared to the other two EPENs. It 
started with long period of CP warming that began already in winter 2014 rather than spring 
2015. This early warming did not develop into a full-fledged EN because development was 
interrupted by some easterly ZWA, but it created a favourable recharged state (Figure 2.1a, 
2.4) for potential of Kelvin waves being triggered by westerly ZWA (Levine and McPhaden 
2016; Hu and Fedorov 2017). The overall westerly ZWA and thermocline anomalies are 
however weaker, therefore the EPEN oscillator mechanism was not as prominent to turn the 
2015-16 EPEN into a strong La Nina as can be seen by weaker negative PTA in Figure 2.1(a) 
compared to the other two EPEN. This could be, once again, related to the shift in the 
background state, favouring stronger easterly trade winds and CPEN (more discussion in 
chapter 4). Paek et al. (2017) suggests that the weaker warming compared to other EPEN and 
the westward displaced maximum SSTA location could be due to stronger CPEN dynamics 
with stronger air-sea interactions and longer lasting negative PDO phase, which could favour 
more CP-warming (Vimont et al. 2003; Chen et al. 2013). This shows that the canonical 
EPEN cannot be solely described by a pure oscillator mechanism. Due to the climate regime 
shift, the influence of CPEN dynamics could become more important in the future, suggesting 
a rich complexity of ENSO. 
 A number of studies using climate models have suggested that there would be more 
EPEN events under global warming (e.g. Kim and Yu 2012, Santoso et al. 2013; Cai et al. 
2014). Our results seem to contradict this. The main reason is that these models fail to 
reproduce the observed warming or decadal variability of the Indian and Atlantic Oceans, and 
therefore fail to reproduce the strengthened easterly trade winds (Grose et al. 2014). As long 
as these strong easterly winds continue, a strong EPEN is not likely to occur. 
 Forecasting of the maximum SST warming based on the two key parameters PTA and 
cumulative ZWA is possible. A preliminary trial was done by plotting Tmax against !  
(equation 1) for times before the occurrence of maximum SSTA. For the cumulative ZWA in 
Jul(0), i.e. six months before the maximum SSTA, we were able to explain 84% of the 
variability for Niño3. The potential for EN forecasting is promising, and will be covered in 
Chapter 3. 
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Chapter 3 : ENSO Predictions 
 A cross-validated statistical model has been developed to produce hindcasts for the 
1980-2016 Nov-Dec-Jan (NDJ, assumed El Niño peak) mean Niño3.4 sea surface temperature 
anomalies (SSTA). A linear combination of two parameters found in Chapter 1 is sufficient to 
successfully predict the peak SSTA: (1) the 130ºE-180º, 5ºN-5ºS, 5m-250m oceanic potential 
temperature anomalies in February, and (2) the 140ºE-160ºW, 5ºN-5ºS cumulative zonal wind 
anomalies (ZWA), integrated from November (one year before) up to the prediction month. 
Our model is simple but comparable to, or even outperforms, many NOAA Climate 
Prediction Centre's statistical models during the boreal spring predictability barrier. The 
explained variance between observed and predicted NDJ Niño3.4 SSTA at a lead-time of 8 
months is 57% using five years for cross-validation, 63% in full hindcast mode.  
 Predictive skill is lower after 2000 when the mean climate state is more La Niña-like 
due to stronger equatorial easterly ZWA. Strengthened Pacific subtropical highs are observed, 
with weaker westerly ZWA that emerge at a later time during El Niño. The Western Pacific is 
more recharged, with stronger upwelling over the Eastern Pacific. The resulting strong zonal 
subsurface temperature gradient provides a high potential for Kelvin waves being triggered 
without strong westerly ZWA. However, the persistent easterly ZWA lead to more Central 
Pacific-like El Niños. These are more difficult to predict because the contribution of the 
thermocline feedback is reduced. Overall, the importance of the recharge state for ENSO 
prediction is found to have increased after 2000, contradicting some previous studies. This 
chapter updates, augments, and refocuses the analysis of the change in mean climate state that 
has led to a change in forecast performances. 
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3.1 Methodologies 
 The lead time (LT) is defined by the number of months of separation between the 
forecast and the central month of the 3-month target, i.e. Dec of NDJ. For example, using 
observed data until and including data from June represents a lead time of 5 months for a NDJ 
prediction. The notations (-1), (0) and (1) attached to each month indicate the year before, 
during, and after the EN occurrence, respectively. The peak of an EN is assumed to be 
Nov(0)-Dec(0)-Jan(1), or NDJ hereafter. 
 EN is defined as in Chapter 1 based on the NOAA definition. An El Niño (La Niña) 
event starts when SSTA average for at least 6 consecutive months exceeds (is below) 0.5 K 
anywhere between 160°E and 80°W along the 5°N–5°S equatorial band. The onset month is 
the first month of the 6 consecutive months. During an EN event, a monthly pattern is 
considered a CP warming pattern if SSTA of 1.0 K or above do not reach the coast of Peru 
(neither in Niño-1 nor Niño-2 region). The threshold of 1.0 K is chosen because a 0.5 K 
threshold (used for defining onset and end of the ENSO episode) is not sufficiently high 
enough to distinguish the spatial differences between CPEN and EPEN due to the high noise 
of SSTA in this region. An EP SSTA pattern has SSTA of 1.0 K or above near the coast of 
Peru (Niño1 or Niño2). An EN event is considered to be a CPEN event if only CP warming 
pattern occur during its evolution. It is considered an EPEN event if more months are 
characterized by an EP than CP pattern over the lifetime of the event. Mixed CP and EP 
pattern occurring over the lifetime simultaneously or subsequently are called Hybrid El Niño 
events (HBEN). 
 Since our statistical model is motivated by west wind anomalies as a trigger for 
Kelvin waves, we focus in the discussions on El Niño events. However, all years including 
neutral and La Niña years are included in the analysis so that the model is optimized for all 
years, not just El Niño years. 
 In the model, an expected peak in Niño3.4 SSTA during NDJ, <Tpeak>, is calculated 
using a linear relationship between two parameters obtained from the National Oceanic and 
Atmospheric Administration (NOAA) 1980-2014 reanalysis (Reynolds et al. 2002; Compo et 
al. 2011) and the Global Ocean Data Assimilation System (Behringer et al. 2004): the 
cumulative 140ºE-160ºW, 5ºN-5ºS ZWA, !U, starting in Nov(-1) and cumulated to the 
prediction month (t) in which the prediction is made, and the Feb(0) 130ºE-180º, 5ºN-5ºS, 
5m-250m oceanic subsurface potential temperature anomalies (!θ , PTA): 
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!peak = ! ! ∙ ∆!! − ! ! ∙ 1! ∆! !!!!Nov(-1)  
(Equation 3-1) ! and ! are the climatological means of oceanic subsurface potential temperature and zonal 
wind for the same domain as for !" and !", respectively. The minus sign in front of 
coefficient ! ensures positive values of ! for westerly wind anomalies (∆! > 0) and easterly 
mean zonal wind (! < 0). This equation 3-1 deviates from the equation in previous chapter 
because the PTA and ZWA are normalised by their climatological means so that the 
coefficients !  and !  have both units of temperature. The normalisation also makes 
coefficients more comparable. Note that the upper ocean heat content can also be estimated 
by other parameters (e.g. Meinen and McPhaden 2000; Fedorov et al. 2014). The calculation 
for <Tpeak> was repeated for each year from 1980 to 2016, and for each month starting from 
February (9-month lead time). The computation of <Tpeak> is also applied to La Niña (LN) 
events and neutral years, as it is meant to represent the NDJ Niño3.4 SSTA for all years and 
not just for warm events.  
 β· !"#/! describes the combined effects of thermocline feedback, zonal advection, 
and heat flux due to zonal wind forcing on SST. The values of α and β are listed in Figure 3.1. 
They are determined for each lead-time by least-squares fitting over the training period so that 
R2 of the relationship between predicted <Tpeak> and the observed Tpeak for a given t is 
maximized. 
 ZWA from the European Centre for Medium-range Weather Forecast (ECMWF) 
ERA-Interim data produced very similar results (not shown) compared to the NOAA based 
ZWA data. 
 We tested the R2 for different times of the PTA around boreal spring. .The Feb(0) 
PTA lead is found to be the optimal choice. This is consistent with McPhaden (2003) who 
found a maximum lag correlation for the equatorial Pacific warm water volume (WWV) at 
lead times of 9 months in February. In addition, several domain sizes for averaging the PTA 
and for cumulating the ZWA around the WP-CP were also tested. The chosen domains for 
PTA and ZWA result in the highest R2. Restricting PTA to the WP deviates from McPhaden 
(2003) who proposed the use of WWV across the entire equatorial Pacific to overcome the 
spring predictability barrier. However, WWV is not a good predictor after the 2000 Pacific 
climate regime shift (Bunge and Clarke, 2014). Averaged over the  
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α = 436.2 
β = 0.50 
α = 403.5 
β = 0.41 
α = 381.5 
β = 0.36 
α = 367.0 
β = 0.34 
α = 339.3 
β = 0.31 
α = 313.9 
β = 0.28 
α = 287.9 
β = 0.25 
α = 258.2 
β = 0.23 
α = 237.3 
β = 0.20 
Figure 3.1. Scatter plots of the observed Nino3.4 SSTA in NDJ against the expected NDJ SSTA from 
our model during the period 1980-2016. Lead-time (LT) in month, and the coefficients (α and β) that 
maximised R2, and R2 are stated on top of each plot. Plot for LT=9 is not shown. 
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whole equatorial Pacific, negative PTA anomalies in the East tend to cancel positive PTA 
anomalies in the West after 2000. Our model is built based on the physical mechanisms 
described in Lai et al. (2015). Much in line with Wyrtki (1975) and Graf (1986), this study 
suggests that the WP recharged state during boreal spring can force positive EP SSTA 
through the thermocline feedback. Once the WP is recharged, sustained strong westerly wind 
anomalies over the WP and CP can trigger eastward propagating Kelvin waves from the WP 
recharged region and cause a full-fledged EPEN. This results in higher SSTA compared to 
those associated with a CPEN, which are caused by zonal advection feedback and local air-
sea interaction, mainly through the exchange of latent and sensible heat. Chapter 1 found that 
the WP recharged state and cumulative zonal wind anomalies can explain about 84% of the 
total variance in the SSTA Nino3.4. Therefore we propose that WP recharged state is a better 
predictor than taking into account the entire equatorial Pacific, which would include signals 
over the EP induced by the climate regime shift. The opposite changes in OHC for WP and 
EP would mask changes in the WP recharge state if the OHC of the entire equatorial Pacific 
was used as a predictor. Note that the optimal time and area for the calculation of PTA and 
ZWA may change when the base state of the Pacific climate system changes. This will be 
discussed in the light of reduced predictive skill after the Pacific climate shift and for years 
after 2000 (Hong et al. 2013).  
Table 3.1. Models whose forecasts for Nino3.4 SSTA are included in this study. Hindcasts are provided 
by the authors, the stated websites, or people in the acknowledgement section. 
  
 We compare our model results with other statistical models and two dynamical 
models. Their results were obtained from the original authors. These include the NOAA 
Climate Prediction Centre’s (CPC) Linear Inverse Model (LIM) by Penland and Magorian 
(1993), CPC Constructed Analogue (CA) by Van den Dool (1994), CPC Markov Model by 
Xue et al. (1994), CPC Canonical Correlation Analysis (CCA) by Barnston and Ropelewski 
Acronyms Full Name Authors 
CPC Climate Prediction Centre, USA  
CPC LIM Linear Inverse Model Penland & Magorian (1993) 
CPC CA Constructed Analogue Van den Dool (1994) 
CPC MRKOV Markov Model Xue et al. (1994) 
CPC CCA Canonical Correlation Analysis Barnston & Ropelewski (1992)  
FSU Florida State University, multiple 
regression 
Clarke & Van Gorder (2003) 
NASA GMAO Global Modelling and Assimilation 
Office 
http://iridl.ldeo.columbia.edu/SOURCES/.Models/.
NMME/ 
NOAA CFS Climate Forecast System version 2 Saha et al. (2014) 
http://iridl.ldeo.columbia.edu/SOURCES/.Models/.
NMME/ 
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(1992), and the Florida State University’s multiple regression model (FSU) by Clarke and 
Van Gorder (2003). Results for the dynamical models are obtained from the International 
Research Institute Data Library website for the NASA Global Modelling and Assimilation 
Office (GMAO) and the NOAA Climate Forecast System version 2 (CFS). Information about 
the models is summarized in Table 3.1. 
 It is inevitable that each model has different training, verification, and validation 
periods. FSU is trained using 1981-2001, so that hindcasts for this time period are not cross-
validated. CA uses 1956-2015 as cross-validation period and is trained using 1982-1995 with 
a 1996-2006 verification period. Hindcasts are then reproduced for 1980-2007.  For later 
years, CCA uses an adaptive regression so that new predictions are based on the most recently 
available data. Markov is trained using 1980-1995, and built with three multivariate EOFs in 
which the anomalous fields of SST, sea level and wind stress are equally weighted. LIM is 
trained using 1950-1984, and then verified using 1985-1990. For all models, forecasts are 
made up to 2014 in operational mode after verification and cross-validation. Cross-validation 
is performed for years that are excluded for the training of the model. 
 Due to these differences in verification and validation the comparison with other 
models might favour our model. However, instead of showing whether our model is the best 
or not, we want to emphasize the simplicity of our model. Derived from a simple theoretical 
framework it works at least as well as more complex models. To test over-fitting of our model 
we applied a Monte Carlo method to validate the model, as suggested by DelSole and Shukla 
(2009). The choice of parameters for predictions is based on a physical mechanism and 
optimized by explained variance as explored in Chapter 1. Our model is calibrated using all 
years between 1980 and 2016. For validation, the 37 years of data are partitioned into two 
subsets of 32-year and 5-year samples, similar to Newman et al. (2011). α and β are then 
computed for the target season of NDJ through linear least-square fitting taking into account 
only data from the 32-year sample. The remaining 5 years (not included in the least-square 
fit) are then used for validation. Subsets are chosen by a Monte Carlo random sampling 
method and repeated 70 times. Validation results are already converged after approximately 
50 repetitions. A one-year cross-validation (e.g. as done in Clarke and Van Gorder 2003) 
yields very similar R2 compared with the mean R2 from the 5-year cross-validation indicating 
that the methods are robust (not shown). To investigate the drop in forecast skills after 2000, 
we present R2 for the sub-periods 1980-1999 and 2000-2016. 
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 Using a larger validation set would lead to a smaller training set so that the spread of 
the cross-validated R2 would be larger, while the R2 would not differ that much since the 
method would still average out differences in the relative size of training and validation sets. 
The validation set with 15% of all available data as used here is common practice (e.g. 
Newman et al. 2011) and a good comprise between data for training and testing. 
 To assess the performance of the cross-validation method we not only compare mean 
and median values of the individual R2 of the 70 repetitions, but also use the Akaike 
Information Criteria (AIC, Burnham and Anderson 2002) to calculate optimal coefficients  
 
!!"#$ = !! ∙ !!!!!!  
and !!"#$ = !! ∙ !!!!!! , 
 
where N = 70 is the number and !!/ !!are the coefficients of each cross-validation calculation. 
The weighting factors !!are estimated from the AIC values the individual cross-validation 
calculations: 
 !! = exp −0.5 ∙ ∆!exp (−0.5 ∙ ∆!)!!!! 		 ∆!= !"#! − !"!!"#		 !"# = ! ∙ ln RSS! + 2! + 2! ! + 1! − ! − 1   
 
RSS is the sum of squares of differences between predicted and actual !peak , K = 2 is the 
number of coefficients in our model, n = 5 the number of years used to test the model in each 
cross-validation calculation and !"!!"# = min! !"#!. 
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3.2 Model validation and performance 
 During the 1980-2016 period, including the 2015-16 EN event, there are 12 ENs and 
12 LNs. Figure 3.1 shows scatter plots of observed NDJ Niño3.4 SSTA and predicted 
<Tpeak> for each LT. The offset of the best-fit linear regression lines is negligible.  Different 
flavours of the EN continuum, CPEN, EPEN, and Hybrid (Lai et al. 2015), are shown in 
green, red and orange respectively. Neutral years are grey open circles. LNs are in blue. 
 Initially, forecasts tend to underestimate the SSTA for EN, i.e. dots for EN are mostly 
above the main diagonal in Figure 3.1. Although the ocean signal (PTA) is strongest during 
the boreal spring recharged state the influence of the atmospheric signal (westerly ZWA) 
increases over time. As time progresses, more information is available to predict an EN event. 
Forecasts improve from LT=8 up to LT=0 as indicated by the convergence of the data points 
towards the regression lines. Almost all data points are in the correct quadrant, except for the 
weak 2003-04 CPEN, which is predicted to be a cold event throughout. Although the main 
focus was not to predict LN, all predicted LN events gradually shift to the “cold” bottom left 
quadrant. This indicates that there is no false prediction for LN events starting from LT=5. 
Even though the model's domain might capture a strong positive PTA prior to LN, the effect 
of strong easterly ZWA that generate strong oceanic upwelling throughout the seasons 
leading to an LN is usually well captured by the model.  
 Figure 3.2(a) shows the range of R2 for each LT obtained from the 70 sets of 5-year 
validations. The bottom and the top of the whisker indicate the minimum and maximum R2, 
respectively. The bottom of the box, the line inside the box, and the top of the box indicate the 
25th percentile, median, and 75th percentile respectively.  The range of R2 as seen in the 
whisker plot is wide because the R2 for observed and predicted <Tpeak> is sensitive to the 
specific control and validation sample. For example, for LT=8, R2 ranges from 0% to 92% 
whereas 25% to 75% percentiles are between 42% and 83% explained variance with a mean 
and median of 58% and 63%, respectively. Very low R2's are inevitable because the randomly 
selected 5 years sometimes include years with considerable forecasting challenges. However, 
overall, the R2 distributions are negatively skewed towards the lower values. Median values 
are larger than mean values as seen by the whisker boxes. The optimal model from the AIC 
method has !  and !  coefficients that are almost identical to the coefficients of the full 
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hindcast model. Thus, the !! for the optimal coefficients from the cross-validation method is 
only 2% smaller than from a full hindcast.  
 Figure 3.2(b) indicates that our model performs well for ENSO prediction during the 
spring forecast barrier for LT=9 to 6. For LT=6 and 7, only NOAA CFS and CPC CA are 
better. Unfortunately, predictions for LT=8 and 9 are not available for the NOAA CFS model.  
NOAA CFS has the best skill in terms of R2, which is about 10% higher than our model from 
LT=6 to 0. The FSU model, which uses similar parameters compared to our model, does not 
perform better until LT=2. FSU uses the Indo-Pacific wind stress anomalies and the upper 
ocean heat content, with the longitudinal domain at which the wind stress anomalies are 
obtained shifting from the east to the west during the course of the year. In addition, it 
includes the Niño3.4 SSTA of the month from which the forecast is being made (Clarke and 
Van Gorder 2003). Thus, FSU includes observational information of the predictand leading 
naturally to high forecast skills at short LT. Our statistical forecast model avoids such an 
inclusion of the predictand in the forecast method, since the main signal of the ENSO 
evolution is below the ocean surface at long LT, not in the SST (Lai et al. 2015). CPC CA can 
be regarded as the best statistical model, which performs better than ours from LT=6 to 0, and 
is comparable to our model at LT=7, 8, 9. Interestingly, NASA GMAO has lower skills until 
LT=3. Most models have about 5% higher explained variance than our model at very short 
lead times LT=2 to 0.  
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 61	
 
 To test the hypothesis that the strongest EPEN might have a dominant effect on the 
regression results, we removed the 1982/83 and 1997/98 EPEN from the analysis. Even with 
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Figure 3.2 (a) The whisker plots of R2 when our model is cross-validated using 70 sets of Monte Carlo 
randomly selected 5-year samples. The black line shows the mean R2 of the 70 sets, the gray line the R2 of 
the AIC optimised model as described in the text. The whiskers from bottom to top show the minimum, 
25th percentile, median, 75th percentile, and maximum. (b) Temporal R2 between model forecasts and 
observed NDJ Nino3.4 SSTA as a function of lead times. The black line shows the mean R2 for our model 
from the 5-year cross-validation, the grey line the R2 of the AIC optimised model. The black dashed line is 
for the 1980-2016 hindcast. 
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both these EPEN removed R2 values are reduced by no more than 0.1 (i.e. 10%) even for the 
longest lead times.  
 It is worth noting that all other statistical models include the observed SSTA in their 
SSTA prediction. When making a prediction in November for NDJ (LT=1), the observed 
November SSTA is already used for the prediction. Our model does not directly use SSTA. It 
is only based on the Western Pacific PTA of February and the cumulative ZWA. The 
predictand (SSTA, the observed variable of interest) might, however, implicitly contribute to 
the values of zonal wind anomalies through its influence on Walker and Hadley cells 
(Bjerknes 1969). By just using ZWA and PTA, the physics of the “recharge oscillator” can be 
tested robustly, with one degree of freedom less than the conceptually similar FSU model. 
Overall, our model shows good potential for ENSO prediction during the spring predictability 
barrier by a very simple method. 
 Barnston et al. (2012) note that ENSO forecast skill is generally lower after the year 
2000. A comparison of the R2 before and after the year 2000 is shown in Figure 3.3a and 
Figure 3.3b. Here, we again used 5 years for validation, i.e. from the 20 (17) years of the 
1980-1999 (2000-2016) sub-period we randomly selected 15 (12) years to calculate the α and 
β coefficients in equation 1, determined R2 from the remaining 5 years and repeated the 
procedure until the resulting mean R2 (shown as a block solid line) converged for each sub-
period. For comparison we added the mean R2 for the full 1980-2016 period (see Figure 3.2a) 
as a black dashed line. As expected, the cross-validated R2 for the 1980-1999 sub-period are 
significantly higher compared to the 2000-2016 sub-period. For 2000-2016, the cross-
validated mean and AIC optimised R2 drops below 0.5 for LT>6 and LT>7, respectively, 
whereas for 1980-1999, R2 remains larger than 0.6 even for LT=9. As can be seen from the 
minima of the whisker plots in Figure 3.3a and Figure 3.3b, the small R2 for some of the 5-
year validation sets for the full 1980-2016 period in Figure 3.2a are dominated by years 
between 2000 and 2016. The spread between 1st and 3rd quartiles is significantly smaller for 
the pre-2000 than for the post-2000 period. Mean/AIC optimised R2 for the early period is 
significantly larger than mean/AIC optimised R2 for the full period, whereas mean/AIC 
optimised R2 for the later period is significantly lower than this, particularly for long lead 
times. 
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 The corresponding comparison of the cross-validated R2 with other models for each 
sub-period is shown in Figure 3.3c and Figure 3.3d, respectively. For the time before the 
Pacific climate shift in the late 1990s (Hong et al. 2014), our forecast system is slightly less 
skilful than the CPC CA for all lead times and more or less in the ballpark of others, which 
become more and more skilful with shorter lead times. After the year 2000, R2 for all models 
decreases. However, the R2 for our model does not decrease as much as for other models. For 
the long lead times LT=9 to 4, our model out-performs all other models except for NCEP CFS 
when compared with the cross -validated mean R2 for our model, but is as good as NCEP CFS 
when AIC optimised R2 are considered. For LT=3 and shorter, the explained variance of 
NOAA CFS and CPC Markov is higher than for our model. Interestingly, the difference 
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Figure 3.3. (a) and (b) as in Figure 3.2(a), where 5 years from the sub-period of 1980-1999 and 2000-2016 
respectively are left out from the calibration and then used for validation, resulting the whiskers and mean 
(black line). The black dashed line shows the mean R2 of sub-period hindcast, the grey line the R2 from 
the AIC optimised model. (c) and (d), as in Figure 3.2(b), but only for the sub-periods, with black. dashed 
and gray lines are the same as in (a) and (b), respectively. 
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between the 5-year mean cross-validated R2 and R2 based on a full hindcast in our model is 
hardly noticeable for the 1980-1999 sub-period (Figure 3.3c) whereas this difference is much 
larger for the 2000-2016 sub-period. This difference is a reflection of the negative skewness 
of the R2 distribution from the cross-validation and largely disappears when the AIC 
optimised R2 are considered instead. 
 A number of recent studies have stated that the lower skills after 1998 are due to a 
reduced influence of the ocean heat content on Niño3.4 SSTA predictions (e.g. Horii et al. 
2012, McPhaden 2012, and Bunge and Clarke 2014). In Figure 3.4, the ratio of β/α is shown 
as a function of lead times when the coefficients are optimized for each individual period 
before and after the climate regime shift, and for the 1980-2016 period as a reference. A 
larger ratio means ZWA have a stronger influence on the SSTA evolution than the initial 
oceanic recharged-discharged state. Before the climate regime shift (1980-1999), westerly 
ZWA are more important, especially during the boreal spring period. Westerly ZWA are 
sustained at shorter LT in maintaining the SSTA. After the climate regime shift (2000-2016), 
the initial recharged state becomes more important in predicting the SSTA than the forcing 
from ZWA. This contradicts the aforementioned studies. Studies like Bunge and Clarke 
(2014) analyzed the relationship between SSTA and the OHC across the entire tropical 
Pacific, but the changes in the mean state are different for WP and EP and partially 
compensate with an overall more La Niña-like mean state and cooler than usual EP (Figure 
3.5b). The correlation with the OHC across the entire tropical Pacific has therefore decreased 
because the changes in EP do not directly influence the Niño3.4 SSTA evolution, whereas the 
WP recharge state does. Taking the entire tropical Pacific’s mean OHC includes less relevant 
information that degrades the predictive skills for Niño3.4 SSTA. In our analysis, we 
concentrate on the Western Pacific (WP) OHC since this remotely forces the EP SSTA 
through the thermocline feedback via eastward propagating Kelvin waves generated in that 
region (Fedorov et al. 2014; Lai et al. 2015). 
 To analyse this further, Figure 3.4b-e show the contributions of PTA and ZWA to 
the predicted Niño3.4 SSTA in our model, normalized to a 1ºC observed warming and for El 
Niño events only. As already seen in Figure 3.3a and b, the spread of the predicted 
contributions is significantly larger after 2000. For the 1980-1999 sub-period both factors, 
PTA and ZWA contribute on average positively to the Niño3.4 SSTA at all lead times. The 
distributions of the individual contributions are symmetric and relatively narrow since the 1st 
and 3rd quartiles are within plus or minus 0.1 to 0.2 ºC of the mean, and mean and median 
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values agree very well. Both contributions add to 0.5 ºC for LT=9. This sum increases to 0.9 
ºC for LT=0. By construction and for perfect predictions both normalized contributions would 
add to 1 ºC.  Thus, our model on average underpredicts warm events. This is because our 
model has been optimized for all years including neutral and cold years and not just warm 
years. The 2000-2016 sub-period behaves very differently. At longer lead times (LT>4), 
ZWA has on average a negative contribution even when positive SSTA were observed. For 
short lead times (LT<3) and compared to the 1980-1999 sub-period, ZWA contributes only 
about half as much to the predicted SSTA. The distributions of the individual contributions 
are skewed towards negative numbers so that, with few exceptions, median values are larger 
than mean values. This is even more evident for the PTA contributions in Figure 3.4b and 4c. 
Before 2000 there is practically no difference between median and mean PTA contribution, 
however, after 1999 the median is much larger than the mean. For the later period, the mean 
is reduced to almost zero whereas the median is much larger than before. Thus, in the mean of 
all El Niños, PTA does not seem to contribute after 1999 although for a significant number of 
cases the PTA contribution is much larger than before since the median value is much larger 
after 2000 than before. As shown by the whiskers, even after 1999 the OHC contribution is 
positive in over 75% of all cases. There are a few El Niños, mainly CPENs, where the WP in 
the selected region during November in the year before the event has a strongly negative 
OHC anomaly. It is these few cases with strong negative OHC anomaly, and thus negative 
PTA contribution, that cause the zero mean despite the overwhelming number of cases with 
positive PTA contribution. This supports our conclusion from Figure 3.4a that PTA and 
therefore, OHC has become more important in the later sub-period. 
 The cumulative ZWA of sustained westerly wind anomalies will increase over time. 
Thus, due to the construction of the statistical model the importance of the cumulative effect 
of ZWA might decrease with decreasing lead-time relative to OHC. However, the fact that 
beta decrease slower with shorter lead time than alpha suggest that a prolonged fetch and 
forcing from consecutive months of ZWA become increasingly important toward the peak of 
ENSO. 
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3.3 Changes in key parameters after the year 2000 
 Further investigating the effect of the Pacific climate regime shift, we examine 
potential mechanisms influencing forecast skills for 1980-1999 and 2000-2014. For EN 
events Figure 3.5 and Figure 3.6 show the composites of the Feb(0) PTA and the ZWA 
Hovmoller diagrams of these two periods, respectively. The black rectangles indicate the 
domain from which the data are taken for our ENSO predictions. Within our PTA domain 
there are positive PTA indicating a recharged state for both periods (Figure 3.5a and Figure 
3.5b). Although areas of statistical significance are small due to the small sample size and the 
high variability between EN events, the composites are suggestive that after the year 2000, 
the WP is in a more recharged state and that the region of recharge is more confined towards 
the western most portion of the equatorial Pacific. In the EP, statistically significantly colder 
water masses extend towards 120ºW.  
 Strong evidence of the climate regime shift can also be seen in the ZWA Hovmoller 
diagrams in Figure 3.6a and Figure 3.6b. Westerly ZWA are much stronger before 2000, and 
over time they gradually extend into the central-eastern Pacific. The domain used in our 
model captures the temporal and spatial patterns of the westerly ZWA well during 1980-1999. 
However, after 2000 the ZWA patterns have changed. Westerly ZWA are weaker and more 
confined towards the WP. Furthermore, westerly ZWA occur later, starting only around 
May(0). There are also notably stronger easterly ZWA at long lead times (February to April) 
that contribute to negative cumulative ZWA when the sampling area is kept too close to the 
dateline. The analysis of individual EN events (shown in Lai et al. 2015) indicates that these 
Figure 3.5. El Niño events composites of the Feb(0) PTA (K) as a function of depth averaged over 5ºN-
5ºS. The following El Niño events are included in (a) 1982, 1986, 1991, 1994, 1997, and (b) 2002, 
2003, 2004, 2006, 2009, 2014, 2015. The rectangles are the domain used in our forecasting model. The 
hatches indicate a statistical confidence at 95% confidence level based on a Student’s t-test. 
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easterly ZWA are one of the main reasons for the under-prediction of some warm events. The 
strengthened easterly winds also explain the cooler subsurface oceanic water masses over the 
EP. Stronger easterly winds enhance surface divergence and upwelling of cold water from the 
deep ocean and, therefore, the mean state of the equatorial Pacific becomes more La Niña-like 
(e.g. Hong et al. 2013; Bunge and Clarke 2013).  
 Figure 3.7a and b show the NDJ SSTA for El Niño events before and after 2000, 
respectively, thus the SSTA that our model is designed to predict with input from Figure 3.5 
and Figure 3.6. Figure 3.7 confirms the transition from more EPEN like pattern to a more 
CPEN like pattern. As discussed in the introduction, many studies suggest that external 
forcings from outside the Pacific basin contributed to the climate regime shift with the 
tropical Atlantic playing an important role. Underlying processes and mechanisms are 
complex and beyond the focus of this study. Here we only focus on the effect that these 
external factors have on ZWA in the tropical Pacific.   
 The 2009-10 event is an example of an under-predicted EN (Figure 3.8a). The event is 
also not well predicted by many statistical models during boreal spring to early summer. Most 
models start off with a negative SSTA prediction during Feb(0) and Mar(0). The two 
(a) ZWA (m/s) Composite: 
1982 1986 1991 1994 1997 
(b) ZWA (m/s) Composite: 
2002 2003 2004 2006 2009 2014 2015 
Figure 3.6. As in Figure 3.5, but for Hovmollers of ZWA (m/s) from May(-1) to May(1). 
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dynamical models (NOAA CFS and NASA GMAO), however, manage to predict the EN 
event, because dynamical models are sensitive to the initial condition of the ocean (Barnston 
et al. 2011), and the Western Pacific is recharged at this time (Figure 3.8b). The main reason 
for the under-prediction is the strong La Niña during 2008-09 with persistent strong easterly 
ZWA until April 2009 (Figure 3.8c). Westerly ZWA are weak or absent early in the year of 
2009, and occurred further to the west, outside of our domain. As a result, the cumulative 
ZWA values are initially strongly negative for our forecast model, so that our model only 
predicts a neutral to weak EN event later in the year starting around August 2009. The strong 
easterly ZWA during boreal spring are also the main cause of most under-predictions of the 
statistical models because the ZWA pattern resemble that of a LN event, and the oceanic 
conditions take time to evolve into an EN. 
 
(a) Pre-CSR NDJ El Niño lat-lon SSTA (b) Post-CSR NDJ El Niño lat-lon SSTA 
Figure 3.7. As in Figure 3.5, but for the NDJ SSTA pattern. 
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 To further explore relevant features of the two climate regimes (Chen and Wallace 
2015; Hu et al. 2013; Lyon et al. 2014; McPhaden et al. 2011; Hong et al. 2014; Wen et al. 
2014) and their relation to the change in forecast skills, Figure 3.9 displays the difference of 
after (2001-2014) minus before (1980-1996) the climate regime shift for the four seasons of 
sea level pressure (SLP) and precipitation. Boreal spring, summer, autumn, and winter are the 
3-month mean of March-April-May (MAM), June-July-August (JJA), September-October-
November (SON), and December-January-February (DJF), respectively. Figure 3.10 shows 
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Figure 3.8. (a) Nino3.4 NDJ SSTA predictions for each forecast base time starting in Feb(0). Black 
line is our model, green line is the observed Nino3.4 NDJ SSTA. (b) Feb 2009 PTA (K). (c) Nov 2008 
to Jan 2010 ZWA (m/s). Rectangle box indicates the domain used to obtain data for our forecasting 
model. 
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Hovmoller diagrams of ZWA. Note that the transition period 1997-2000 is excluded although 
results are not sensitive to the removal of any year during 1997-2000 period (not shown). 
 The SLP in Figure 3.9a shows a zonal pattern in the Pacific with increased pressure 
over the EP and decreased pressure over the WP warm pool and Indian Ocean. The North and 
South Pacific subtropical highs have strengthened mainly during boreal winter and spring. 
This leads to an intensification of the Hadley cell across the EP and stronger trade winds in 
equatorial regions. In the southern hemisphere this strengthening of the Hadley cell is 
noticeable throughout the year whereas in the North this is only the case for boreal winter and 
spring. Figure 3.9b indicates a similar zonal dipole pattern of dryer conditions around the CP 
and EP regions, and more precipitation over the Indo-Pacific warm pool. Figure 3.10 shows 
(a) (b) 
Figure 3.9. Differences of the period post climate regime shift 2001-2016 minus pre climate regime shift 
1980-1996 for (top to bottom) the DJF, MAM, JJA, and SON 3-month mean of (a) sea level pressure 
(mb), and (b) precipitation anomalies (mm/day). Dots and hatches denote the 95% statistical significance 
level using Student t-test. 
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that ZWA around the CP have undergone pronounced changes. There were westerly 
anomalies before the climate shift, but those anomalies have become strong easterlies after 
the early 2000s. The Pacific zonal pressure gradient has lead to an intensified low level 
airflow from the EP to WP. This intensification of the Walker cell is weakest during JJA but 
noticeable throughout the year. Higher pressure over the EP also suppresses convective 
activities; conversely, lower pressure over the WP warm pool area enhances convections as 
seen in Figure 3.9b. All these atmospheric responses indicate that the recently trade winds 
have increased due to a strengthening of both, Walker and Hadley cells. In response, this has 
lead to a more La Niña-like background mean state.  
 
3.4 Discussion  
 The strengthening of the Pacific subtropical highs and, thus, strengthening of the 
Hadley cell is consistent with increase in trade winds, hence the stronger easterly ZWA in 
recent decades (England et al. 2014). Consequently, the chance of anomalous wind 
convergence around the CP has increased even when there are westerly ZWA, as shown in 
Figure 3.6b, which is a favourable condition for the occurrence of CPEN. We find a westward 
displacement of the anomalous wind forcing associated with ENSO after 1999, which 
supports the findings in Bunge and Clarke (2014). This is consistent with more frequent 
CPEN in the recent decade, especially after around the year 2000 (e.g. Xiang et al. 2012; 
Chung and Li 2013). Furthermore, despite the strongly recharged state of the WP that might 
Figure 3.10. As in Figure 3.9 but for Hovmoller of zonal wind anomalies composites of the period: pre 
(left panel), post (middle panel) and post minus pre (right panel) climate regime shift. All hatches 
denote the 95% statistical significance level using Student t-test. 
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have normally led to Kelvin waves for an EP-type El Niño to develop if the westerly ZWA 
would have allowed, CP-type El Niños still dominate (Chung and Li 2013; Lai et al. (2015).   
 The more persistent easterly trade winds have led to a stronger recharged state over 
the WP. According to some studies, there are signs that the Indian Ocean warming now 
Figure 3.11. As in Figure 3.9, but for (a) 200mb minus 850mb velocity potential (m2/s x 106, shaded), 
and 200mb divergent wind (m/s, vectors). Dots and vectors denote the 95% statistical significance level 
using Student t-test for velocity potential and divergent wind respectively, and and (b) for the mean 
SSTA after minus before the climate regime shift. 
(b) 
(a) 
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extends into the WP, where the WP warm pool gets warmer, and its eastern edge extends 
further eastward (e.g. Rao et al. 2011; Cravatte et al. 2009). Warmer water over the Indo-
Western Pacific enhances convective activity, leading to more precipitation and lower SLP. 
This lower SLP increases the pressure gradient across the equatorial Pacific thereby 
strengthening the Walker circulation. This together with the aforementioned strengthening of 
the Hadley cell further enhances easterly wind anomalies in the lower troposphere over the 
eastern part of the equatorial Pacific. This can be further examined by the divergent 
component of the horizontal flow and vertical motion (Krishnamurti 1973). Figure 3.11 
shows the 200mb minus 850mb velocity potential (shaded) and the 200mb divergent wind at 
the 95% statistical significance level (vectors). Negative velocity potential implies rising air 
motion that is associated with deep convection and diverging wind at the upper troposphere of 
200mb. Figure 3.11 indicates that stronger rising air motion and upper tropospheric 
divergence over the warm pool enhance the Hadley cell and further strengthen the subtropical 
high-pressure systems. Such motions are strongest during boreal spring. This accelerates trade 
winds, increases equatorial upwelling in the central and eastern Pacific, thereby lowering the 
SST there. As a result, a La Niña-like mean state is developed, with less precipitation over the 
EP (Figure 3.9b). Figure 3.11b shows the seasonally varying mean SSTA before minus after 
the climate regime shift. SST gradients significantly increased in North South direction 
(between 40S and 40N around 160E to 160W) as well as in East West direction along the 
equator. This is consistent with the already mentioned intensification of Hadley as well as 
Walker Cell. 
 More CPEN mean that ENSO forecasting is more challenging, because the onset and 
evolution of CPEN is mainly governed by a local zonal advection feedback (Fedorov et al. 
2014; Chen et al. 2015; Lai et al. 2015). Such mechanism is subjected to atmospheric 
stochastic zonal wind forcing, for instance westerly wind bursts, which are difficult to predict 
(Gebbie and Tziperman 2009). Because westerly ZWA are associated with many different 
processes, including extratropical cold surges (Kiladis et al. 1994; Chen et al. 2013), tropical 
cyclones (Keen 1982; Hartten 1996), the Madden–Julian oscillation (DeMott et al. 2015; Puy 
et al. 2015), or a combination of all (Yu and Rienecker 1998), westerly ZWA are sometimes 
assumed to be part of the ‘‘weather noise’’ with the timing of individual bursts difficult to 
predict. In addition, El Niño-related SSTA modulate westerly ZWA, therefore the ZWA 
should not be regarded purely as a stochastic forcing (Eisenman et al. 2005). However, the 
coupled dynamics that act to confine the SST warming over the CP for a CPEN is still not 
fully understood. For instance, it is not yet clear why some westerly ZWA initiate anomalous 
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CP warmings that are sufficiently sustained to become a CPEN event and some do not. The 
role of thermocline feedback is still controversial. Kao and Yu (2009), Kug et al. (2009) and 
Lai et al. (2015) agree that equatorial thermocline variations are not crucial in producing 
CPEN. However, Ashok et al. (2007) and Marathe et al. (2015) still emphasize the 
importance of wind induced thermocline variations within the tropical Pacific to the SST 
evolution of CPEN. Based on case studies, Yu and Kim (2010) and Su et al. (2014) note that 
there is a large variety of CPEN. Their initiation and evolution depend on the equatorial 
recharged state and the influence from the subtropical SSTA. A model study by Choi et al. 
2011 is consistent with our findings from observations; the background state of the tropical 
Pacific can produce ocean and atmospheric conditions that favour the generation of CPEN or 
EPEN events. On the other hand, the genesis of a canonical EPEN involves the thermocline 
feedback mechanism as part of the Bjerknes feedback, which is well understood via the 
delayed oscillator theory (Bjerknes 1969; Suarez and Schopf 1988), and the recharged-
discharged oscillator theory (Jin 1997). Once major Kelvin waves are triggered, the EP SSTA 
are more predictable than during its CPEN counterpart.  
 A West Pacific (WP) recharged state is necessary but insufficient to trigger Kelvin 
waves that cause significant East Pacific (EP) warming. Westerly ZWA over the Western-
Central Pacific are needed to displace the WP warm pool eastward, triggering Kelvin wave 
propagation and suppressing EP upwelling. The level of constructive or non-constructive 
superposition of both parameters will result in a range of EN intensities, which is the EN 
continuum, with CPEN and EPEN as end members (Lai et al. 2015). Since equation 1 is 
mainly based on the thermocline feedback mechanism, the model does not work as well for 
CPEN, because CPEN is caused by local air-sea interaction and zonal advection feedback 
(Kao et al. 2009; Kug et al. 2009; Yeh et al. 2014; Choi et al. 2011). The coefficient β 
includes the combined effects of thermocline feedback, zonal advection, turbulent flux, and 
heat flux due to zonal wind forcing on SST. The model might be improved by disentangling β 
into more coefficients that are associated with different processes. For instance, one 
coefficient could be used for the basin-wide thermocline feedback, and others for local 
processes such as local divergence and turbulent fluxes. 
 Another way to improve our model would be to try to add terms to explicitly present 
remote forcing for example from the tropical Atlantic. However, this would have the issue of 
double counting. In our current approach local and remote factors influencing ZWA are 
considered together. Before adding terms for remote forcing, their influence on ZWA would 
need to be separated from the total ZWA. Since to our knowledge no simple relationship 
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between remote forcing and local effect on Niño3.4 SSTA has been identified, and given the 
already high R2 of our model compared to other methods (Figure 3.2), such an improvement 
would be very difficult. We believe that a full dynamical forecast model is needed to capture 
local and remote forcing factors in a meaningful way. 
 During 1980-1999, the PTA shows an initial recharged state that extends further to 
the east than after 2000. The westerly wind anomalies are strong during EN events during this 
earlier period, covering most of the domain used in our model. Therefore, the theory of a 
recharged-discharged oscillator (Jin 1997) and the delayed oscillator (Suarez and Schopf 
1988), and atmospheric forcing such as the westerly wind anomalies (Fedorov et al. 2014; Hu 
et al. 2014; Lai et al. 2015) works well for ENSO predictions before the Pacific climate shift. 
 After 2000, the WP warms accompanied by EP cooling.  This could be due to the 
recent rapid Indian Ocean and warm pool warming (Cravatte et al. 2009; Rao et al. 2011; Luo 
et al. 2012), or the recent negative phase of the Pacific Decadal Oscillation (England et al. 
2014; Lyon et al. 2014). This facilitates the strengthening of the easterly trade winds, Walker 
circulation, subtropical highs, and Hadley cell (England et al. 2014). Cai et al. (2015) found 
that also under global warming the Indonesian Maritime continent is warming faster than the 
equatorial CP to EP region. The increasing zonal temperature gradient between the two can 
drive stronger anomalous zonal easterly winds. In addition, the recent North Atlantic warming 
potentially contributed to the intensification of the Walker circulation through upward motion 
and lower SLP over the Atlantic, and an enhanced descending air motion and higher pressure 
in the eastern Pacific, which in turn strengthened the trade winds over the central tropical 
Pacific (McGregor et al. 2014; Li et al. 2015; Zanchettin et al. 2016). This is consistent with 
Figure 3.9a. Strong 200mb divergence (convergence) is observed over the eastern Atlantic 
(western Atlantic and EP) in Figure 3.11. The latter is indicative of a remote forcing from the 
Atlantic basin as discussed in the introduction (e.g. Kucharski et al. 2011; Kucharski et al. 
2016; Zhang et al. 2017). 
 Other studies have already shown that the warm water volume (mean upper OHC of 
the 120ºE-80ºW equatorial Pacific) has a weaker correlation with the Niño3.4 region since 
2000 (Horii et al. 2012; McPhaden 2012; Wen et al. 2014). Our  
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Figure 3.12. As in Figure 3.8a but for the NDJ predictions of (a) 1997-98 Nino3.4, (b) 2014-15 
Nino3.4, (c) 2015-16 Nino3.4. 
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study shows that such breakdown of the predictor-predictand relationship can partially be 
addressed if only the WP (130ºE-180º) recharged state is considered as an EN predictor. This 
is because, despite the atmospheric forcing, the Niño3.4 SSTA is remotely forced by the WP 
recharged state, whereas the EP oceanic state is largely irrelevant. Using the entire tropical 
Pacific’s mean OHC includes less relevant information from the cooler EP in the new climate 
regime degrading the predictive skills for Niño3.4 SSTA.  
 The weak 2014-15 EN event is a recent example of some models not accurately 
predicting the Nino3.4 during boreal spring (Menkes et al. 2014). This event attracted much 
attention because it had a high initial recharged state mainly over the WP in Feb(0), which is 
consistent in the previously observed post-2000 EN events. Statistically, the warm water 
volume shows a mean equatorial recharged state similar to the 1997 initial state. Models that 
are sensitive to this oceanic state have overestimated the event during boreal spring 
(McPhaden 2015). However, what followed was a lack of continuous westerly ZWA and 
therefore the CP warming did not evolve into a fully-fledged EPEN (Li et al. 2015). We 
speculate that since the Pacific is still affected by the strengthened mean easterly trade wind 
climate regime, the expected strong westerly ZWA failed to develop and to be sustained. This 
is in line with McPhaden (2015) who claims that the warming trend of the Indian Ocean and 
Indo-Pacific warm pool might have prevented deep convection to shift towards the CP or EP. 
The associated increase in precipitation in this area is also evident in Figure 3.9b.  
 For the 2014-15 case, our model (calibrated for the full 2000 to 2014 period) 
predicted a weak EN during the boreal spring (Figure 3.12b). This is because in our model, 
although a high initial oceanic recharged state was present, weak cumulative ZWA were also 
detected. The two parameters did not linearly add together so that a strong EPEN could not 
develop (Lai et al. 2015). In contrast, other models, for example the FSU, NOAA CFS, and 
NASA GMAO, overpredicted the EN signal earlier in the year. The year 1997-98 and 2015-
16 are both strong EPEN with similar intensity. Figure 3.12a shows that our model, as well as 
other models, performs very well for 1997-98. However, the skills decrease for the 2015-16 
EPEN (Figure 3.12c). Most models under-predict max SSTA during boreal spring compared 
to the 1997-98 EPEN. Under the new climate regime, easterly winds still dominate the earlier 
period, leading to a later prediction of a strong EN event for various models. 
 In the light of the change in base state, we have repeated our analysis by using the 
mean state after 2000 to compute the cumulative ZWA rather than the usual practice of using 
a climatology based on the past 30 years. However, this did not improve our predictions. This 
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implies that there are other, yet unidentified processes that have become more important so 
that the two parameters used here are insufficient to explain the observed variability. Whether 
other parameters need to be included deserves further research. The reduced El Niño 
predictability in our model could also be due to the use of a fixed domain to calculate the 
wind anomalies, which is recently misaligned with the region where positive PTA are found. 
Easterlies ZWA have shifted into our wind domain and hence the skill of our model would 
decrease. Xiang et al. (2013) have attributed this displacement of westerlies to the West to the 
more La Niña ocean state after 1999 and an anomalous subsidence in the CP. Testing a shift 
of the wind area to where the PTA are actually observed might help improve the predictions 
at long lead times. Processes leading to an initial CP warming might be of particular 
importance in predicting the emergence of an EN event in the future. Also, the current climate 
regime could persist if the Indo-Pacific warming continues, favouring more CPEN and 
suppressed EPEN to develop (Lai et al. 2015).  
 
3.5 Summary and Outlook 
 Based on the Western-Central Pacific cumulative ZWA from Nov(-1) and Western 
Pacific (WP) recharge-discharge state in Feb(0), a simple statistical model for predicting the 
NDJ Niño3.4 SSTA has been developed (equation 1). Additional information from observed 
SSTA is not needed because the main ENSO evolutionary signals are embedded in the upper 
ocean heat content. 
 For the springtime barrier, our model has higher predictive skill than many other 
models in this study, except the NOAA CFS and CPC CA. On average, our model has R2  = 
57% for a lead time LT = 8, but for other models R2  = 50% at best. Only the weak 2003-04 
EN event is being predicted to be a cold event at LT = 4 to 0 (“wrong” top left quadrant in 
Figure 3.1), while all La Niña data points are in the correct “cold” quadrant and the 
amplitudes are captured reasonably well.  
 Our model under-predicts an EN event if the PTA domain is in a discharged initial 
state, or if the westerly ZWA occur in late boreal summer. For example, CP warming not due 
to thermocline feedback dominated initially for the 1994-95 and 2003-04 events. A strong 
recharged initial oceanic state can lead to Kelvin waves with only small westerly ZWA, like 
for the 2009-10 EN event. 
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 All forecasts after the year 2000 are less skilful due to the Pacific climate regime shift 
(Hong et al. 2013). However, R2 for our model decreases less than for other models especially 
for LT = 9 to 4. This suggests that the physical mechanisms on which our model is based are 
less sensitive to the decadal climate change in the Pacific. By using the heat content of the 
WP as a predictor our model better maintains skill for the post 2000-EN events compared to 
statistical models that are based on the ocean heat content for the entire tropical Pacific. 
 To further investigate cause and effect and to understand the underlying physical 
processes that characterize the climate regime shift and the reduction in ENSO forecast skills 
after the year 2000 model studies with a coupled ocean atmosphere climate model are 
necessary similar to Li et al. (2015). In coupled model simulations that are forced with 
observed SST for the Atlantic and Indian Ocean Li et al. (2015) have investigated observed 
changes in the mean tropical climate. Their study need to be extended to the analysis of the 
evolution and predictability of EN and LN events with focus on the statistical relationships 
identified in our study.  
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Chapter 4 
El Niño in CMIP5 
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Chapter 4 : El Niño in CMIP5 
 
4.1 Hindcasting ENSO in CMIP5 
  A subset of CMIP5 models is used to evaluate their performance in simulating 
ENSO using the methods developed in Chapter 2 and 3, which is a different perspective than 
those done in previous studies (e.g. Bellenger et al. 2014; Grose et al. 2014). The temporal 
and spatial evolutions of El Nino, and their range of intensities will be presented. The 
predictability of ENSO within the selected models will be explored using the statistical model 
developed in Chapter 3. Model results will be compared against reanalysis. 
 Although not a comprehensive evaluation of the full model archive, results shown 
here will be indicative that a few models simulate ENSO better than the others due to a better 
simulation of the oceanic recharge state for oscillator mechanisms, and westerly ZWA for 
reasonable stochastic forcing. The evaluation is complementary to previous studies and can 
give more insight into whether ENSO is correctly simulated for the right reason or not.. 	
 
4.1.1 Observations and reanalysis for comparisons 
 Simulated SSTs of selected CMIP5 models are compared against various SST 
reanalysis datasets. This includes the Centennial in situ Observation-Based Estimates of SST 
(COBE, and COBE2) (Ishii et al. 2005; Hirahara et al. 2014). The COBE data set is a 
spatially complete, interpolated 1° x 1° SST product for 1891 to present. It combines SSTs 
from International Comprehensive Ocean and Atmosphere Data Set (ICOADS) release 2.0, 
the Japanese Kobe collection, and reports from ships and buoys. Data are gridded using 
optimal interpolation. 
 The NOAA Extended Reconstruction SST (ERv4) provides global, 2º x 2º complete 
SST data at a monthly timestep from 1854 to present. It uses the more extensive ICOADS 
Release 2.5 data and revised quality control, bias adjustment, and infilling procedures. The 
resolved signals are rather damped prior to 1880 and more consistent after 1880. As a 
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globally infilled dataset, ERv4 is generally suitable for basin-scale and global studies of 
climate variability and change, and has been used as boundary conditions for atmospheric 
models (Huang et al. 2015). 
 The 1º x 1º Optimum Interpolation SST version 2 (OISSTv2) uses in situ and satellite 
SST plus SST simulated by sea-ice cover. Before the analysis is computed, the satellite data is 
adjusted for biases (Reynolds et al. 2002). 
 The 1º x 1º Hadley Centre Global Sea Ice and SST reanalysis (HadISST) is a 
combination of monthly globally complete fields of SST and sea ice concentration for 1871-
present. It uses reduced space optimal interpolation applied to SSTs from the Marine Data 
Bank (mainly ship tracks) and ICOADS through 1981 and a blend of in-situ and adjusted 
satellite-derived SSTs for 1982-onwards (Rayner et al. 2003). 
 The 5º x 5º NOAA Kaplan Extended SST version 2 (KaplanEv2) is produced by 
combining statistically infilled gridded data of the UK Met Office SST. Steps to do so include 
EOF projection, Optimal Interpolation, Kalman Filter forecast, KF analysis, and an Optimal 
Smoother. Thus, these techniques fill in any missing data using both spatial patterns derived 
from the data that exists together with time interpolation (Kaplan et al. 1998). 
 Last but not least, the ERA-Interim SST uses a succession of different SST and sea-
ice concentration data products: NCEP 2D-Var SST (NCEP 2DVar) for January 1989 to June 
2001; OISSTv2 for July 2001 to December 2001; NCEP Real-Time Global SST for January 
2002 to January 2009; and the Met Office Operational SST and Sea-Ice Analysis from 
February 2009 onward (Dee et al. 2011).  
 Subsurface ocean temperatures are compared against the NOAA Global Ocean Data 
Assimilation System (GODAS). It has a horizontal resolution of 0.3º x 0.3º, and 40 vertical 
levels to a depth of 4478m, with a 10-meter resolution in the upper 200 meters. GODAS is 
forced by the momentum flux, heat flux and fresh water flux from the NCEP atmospheric 
Reanalysis 2. It assimilates temperature profiles from expendable bathythermograph, 
moorings from the Tropical Atmosphere Ocean project, Triangle Trans-Ocean Buoy 
Network, Prediction and Research Moored Array in the Atlantic, and Argo profiling floasts 
using a 3DVAR scheme using the Geophysical Fluid Dynamics Laboratory Modular Ocean 
Model (GFDL MOM). It appears to reproduce observations quite well (see Saha et al. 2014; 
http://www.cpc.ncep.noaa.gov/products/GODAS/pl/introduction_godas_web.pdf). Another  
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dataset is the Simple Ocean Data Assimilation (SODA), with a horizontal resolution of 0.25º 
x 0.4º, and 40 levels with approximately 10-meter resolution near the surface. SODA also 
uses the GFDL MOM physics. Assimilated data includes temperature and salinity profiles 
from the World Ocean Atlas-94 (mechanical bathythermograph, expendable 
bathythermograph, and station data), as well as additional hydrography (methods for 
measuring temperature profile), sea surface temperature, and altimeter sea level (Carton et al. 
2000; Carton and Giese 2008). 
 Since there are differences in reanalysis datasets due to differences in methods to 
construct them, various available SST and ocean subsurface datasets are used to assess the 
consistency between datasets. The robust patterns from all datasets form the basis for 
comparison of the performance of the different models.  
Model Centre Model’s 
acronyms 
Period covered 
(years) 
Commonwealth Scientific and Industrial Research 
Organization/Bureau of Meteorology, Australia 
ACCESS1-0 1850-2005 
Centre National de Recherches Météorologiques, 
France 
CNRM-CM5 1850-2005 
Institute of Atmospheric Physics, Chinese 
Academy of Sciences, China 
FGOALS-g2 1850-2005 
Geophysical Fluid Dynamics Laboratory, USA GFDL-ESM2G 1860-2005 
NASA/GISS (Goddard Institute for Space Studies), 
USA 
GISS-E2-H 1850-2005 
Met Office Hadley Centre, UK HadGEM2-ES 1860-2005 
Max Planck Institute for Meteorology, Germany MPI-ESM-LR 
MPI-ESM-MR 
1850-2005 
1850-2005 
National Center for Atmospheric Research, USA NCAR-CCSM4 1850-2005 
Bjerknes Centre for Climate Research, Norwegian 
Meteorological Institute, Norway 
NorESM1-M 1850-2005 
Table 4.1: CMIP5 models chosen in this study for analysis. 
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 The NOAA Reanalysis 1 is used for zonal wind, and OLR spanning from 1948 to 
present (Kalnay et al. 1996). The 1979–present zonal wind from ERA-interim is also 
analysed. Precipitation is taken from the Climate Prediction Centre Merged Analysis of 
Precipitation (CPC CMAP) from 1979 to present (Xie and Arkin 1997). 
 
4.1.2 CMIP5 models 
 CMIP5 models are chosen where they are considered to be the best-performing 
models as shown in Bellenger et al. (2014)’s figure 13 and Grose et al. (2014)’s table 1. The 
selected models are shown in Table 4.1. Model outputs are from the first run (named “r1i1p1” 
in CMIP5) of the “Historical” simulations from each model, which are integrations from 
around 1850 to 2005 using realistic natural and anthropogenic forcings (Taylor et al. 2012). 
Parameters that are used include monthly mean outputs of SST, ocean subsurface potential 
temperature, zonal wind, outgoing longwave radiation (OLR), and precipitation. But monthly 
mean data could smear out details of Kelvin waves and the triggering mechanisms. A higher 
temporal resolution of the NorESM is explored in Chapter 5. 
 
4.1.3 Evaluating model performances 
 The significance of the ENSO scores in Bellenger et al. (2014) and Grost et al. (2014) 
are hard to evaluate since they only account for part of the ENSO dynamics and 
characteristics. Therefore, their results should not be used to finalise the assessment of 
models. In this study, a different approach is used, whereby the two key parameters in 
determining the development of EN are analysed: ZWA and oceanic WP recharged state. The 
thermocline feedback mechanism and ENSO predictability are assessed through the combined 
effects of these two parameters as outlined in chapter 2 and 3.  
 Monthly mean anomalies are computed by subtracting the mean annual cycle for each 
model. Analysing spatial and temporal evolutionary patterns of EN in the models are also one 
of the main focuses. This is done by Hovmoller composites of SSTA, ZWA, and top 300m 
ocean heat content (T300 OHC) anomalies. However, it must be noted that composites do not 
capture the details because patterns are often smoothed out. The amplitudes shown in the 
composites might not be representative if individual EN events have different amplitudes in 
space and time. The amplitude would therefore be generally smaller when more events are 
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used in the composite. Yet, using the classification of different EN types, the main signal 
should be preserved. A two-tailed student-t test is applied and the values that are statistically 
significant at the 95% level are dotted. Generally, when there are very few events within a 
composite, values become less statistically significant. Since the number of datasets and 
events per dataset is small, individual events can be analysed. To further explore the details of 
the patterns for each model, the strongest EN event is chosen for Hovmoller plot so that the 
ENSO variability in terms of the simulated intensity and amplitude can be assessed by 
comparing this against the strongest events in the observations (1982-83, 1997-98, 2015-16). 
 Different reanalysis datasets have different periods, but all cover the period 1980-
2015. Both, the full period for each dataset and the truncated 1980-2015 periods are analysed. 
Small differences in composites when using different durations of the reanalysis period did 
not affect the conclusions made in this study. For consistency between the reanalysis datasets, 
the analysis displayed here is for 1980-2015 period unless stated otherwise. 
 The T300 OHC anomalies are one of the proxies used for identifying Kelvin waves 
(Roudy and Kiladis 2006; Menkes et al. 2014). The anomalies above 0.5K with eastward 
propagating features are identified as Kelvin waves. Note that the monthly data, which is the 
only available temporal resolution in the CMIP5 archive, is not ideal for studying Kelvin 
waves. Typical Kelvin wave propagation speed is about 2-3m/s, so travelling from 130ºE to 
80ªW would take approximately 2-3 months, therefore identifying Kelvin waves in monthly 
data is still possible, but not ideal. The strong positive OHC anomalies are often the net result 
of several Kelvin waves propagating to the east. These model anomalies will be compared 
against monthly OHC anomalies composites of the GODAS and SODA reanalysis. Since 
composites often smear out Kelvin wave signals, the individual strongest EN event from each 
model will be considered. A further study of Kelvin waves at higher temporal resolution will 
follow in the next chapter.  
 Note that the analysis is only applied to a single model realisation (i.e. one ensemble 
member, similarly in Grose et al. 2014), and might not completely representative of general 
model behaviour. Moreover, simulated and observed data cover different periods. Both 
aspects could yield differences, such as the influence of multidecadal variability or longer-
term changes in the background climate state due to internal dynamics or external forcing, 
which are not necessarily model biases, but could be sampling biases. In long model runs, 
there might also be multiple regime shifts of the type recently observed in the atmosphere, so 
the full composites might not match the analysis well. On the other hand, different 
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initialisations of the same model could show different behaviour. Thus, the agreement or 
disagreement of a single ensemble member with observations might not be indicative of a 
better or worse ENSO performance in the model. 
 Although results from this study are no a comprehensive evaluation of the full model 
archive, they serve as a basis for showing the model performance of one of their ensemble 
members. Furthermore, the results indicate the applicability of the methods developed in 
previous chapters. In future studies, these can be extended to more runs of each model in the 
future to strengthen the statistics and the variability of model output between runs could be 
examined against reanalysis. Different sub-periods could also be compared with reanalysis so 
explore if there is different climate regimes within the model to favour certain ENSO 
behaviour.  
 
4.2 Intensities & diversities of EN 
 Some recent studies already noted that EN cannot be discretely defined as either 
	
Figure 4.1. El Niño variability in the occurrence of each EN type normalized of the total number of 
EN occurred (in percentage). Reanalysis datasets are all for the period from 1980, and mean of all 
reanalysis is shown. 
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CPEN or EPEN. The classification here follows that in chapter 2 (see also Lai et al. 2015), 
and serves as a guide in analyzing the diversity of EN. It is also a way to examine the ability 
of models to simulate the physical processes associated with the EN continuum. 
 Most reanalysis datasets shown in Figure 4.1 have about 25-35% of EPEN out of all 
EN. COBE2 has anomalously many more EPEN than other reanalysis datasets. They mainly 
occurred in the pre-satellite era; therefore, this could be an artefact of the reanalysis when 
actual observed SST was not possible. It could also be due to the longer time span covering 
back to 1850. The rest of the analysis will proceed by comparing with the other reanalysis 
datasets. The other reanalysis datasets have about 20-30% CPEN, and 45-55% are HBEN, 
forming the majority of all EN as expected from chapter 2 and Lai et al (2015). 
 All considered models have a similar number of EN events compared to the 
reanalysis, occurring in around 25% of all the years in their respective simulations. Figure 4.1 
shows that NorESM1-M has the most similar occurrence of the different EN types compared 
to the reanalysis. NCAR-CCSM4 is the next best model that has an EN diversity close to the 
observed although it simulates about 10% more CPEN than in observations. Other models 
have a bias towards a certain EN type. ACCESS1-0 has 53% of all EN being EPEN. CNRM-
CM5, GISS-E2-H, MPI-ESM-MR, and HadGEM2-ES are biased towards more CPEN. MPI-
ESM-LR and GFDL-ESM2G are biased towards more HBEN. 
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 The magnitudes of ENs simulated in the models in terms of the Niño3.4 SSTA are 
presented in Figure 4.2. They are compared with the reanalysis datasets. Among the 
reanalysis datasets, there is little discrepancy indicating that most events (32%) lie in the 
range of 1.5-2ºC. About 39% of the EN events are in the range of 0.5-1.5ºC. There are 23% of 
strong events, with Niño3.4 SSTA ranging from 2.5ºC to 3ºC. The intensity of EN in all 
models, except NCAR, are skewed towards smaller amplitudes. This is especially apparent in 
FGOALS-g2, GISS-E2-H, GFDL-ESM2G, MPI-ESM-MR, ACCESS1-0, and HadGEM2-ES. 
Approximately more than 60% of the EN events simulated in these models are in the range of 
0.5-1.5ºC. Only CNRM-CM5, NorESM1-M, MPI-ESM-LR, and GFDL-ESM2G are able to 
simulate some ENs that in the 2.5-3ºC range. However, only about 10% or less of the ENs are 
with this strong intensity. Only the NCAR-CCSM4 has about 14% of EN events that are 
unrealistically strong compared to the observations, with intensities of 3ºC or higher. Despite 
this, the NCAR model has the best EN intensity variability when compared to other models. 
NCAR has the frequency distribution more evenly spread across the intensity spectrum 
compared to the observed.  
Figure 4.2. As in Figure 4.1, but for EN Nino3.4 SSTA intensity. 
Nino3.4 SSTA (from 1980)
COBE 27% 18% 36% 0% 18% 0%
COBE2 0% 33% 33% 11% 22% 0%
ERA-Interim 23% 15% 31% 0% 23% 0%
ERv4 18% 18% 27% 9% 27% 0%
HadISST 23% 23% 31% 0% 23% 0%
KaplanEv2 25% 17% 33% 0% 25% 0%
OISSTv2 17% 17% 33% 0% 25% 0%
Reanalysis mean 19% 20% 32% 3% 23% 0%
NCAR-CCSM4 22% 14% 17% 17% 17% 14%
CNRM-CM5 29% 27% 16% 18% 10% 0%
NorESM-1-M 29% 31% 27% 8% 6% 0%
FGOALS-g2 32% 49% 10% 10% 0% 0%
GISS-E2-H 62% 33% 5% 0% 0% 0%
MPI-ESM-LR 20% 40% 23% 13% 3% 0%
GFDL-ESM2G 42% 37% 8% 5% 8% 0%
MPI-ESM-MR 52% 30% 15% 3% 0% 0%
ACCESS1-0 46% 29% 23% 3% 0% 0%
HadGEM2-ES 28% 44% 26% 2% 0% 0%
SSTA (ºC) ≥0.5 ≥1 ≥1.5 ≥2 ≥2.5 ≥3
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Figure 4.3. Reanalysis SSTA composites, 
with left, middle, and right panels for each 
dataset being the EPEN, CPEN, and 
HBEN, respectively. 
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4.3 SSTA patterns 
 Figure 4.3 shows SSTA Hovmoller composites of all reanalysis datasets with their 
full period. Composites of reanalysis show higher SSTA for the EPEN, CPEN has the 
smallest amplitude, and HBEN being in between the two ends of the EN spectrum. The 
amplitudes of the EPEN shown in ERA-Interim and OISSTv2 are much larger, because of the 
small sample within the shorter period of the dataset. All show that EN generally starts 
around Apr(0)-May(0), and peaks around Dec(0). The lack of recharged-discharged and 
phase-reversal of CP-type ENSO can be seen by the lack of change in CPEN SSTA before 
and after the event. Apart from COBE, ERA-Interim, and OISSTv2, which cover only the 
time period after the beginning of the satellite era, other reanalysis datasets did not show 
much initial CP-warming. This could be due to a lack of SST observations before 1980 and 
their limited spatial resolution. 
 The composites that only cover the period 1980-2015 are displayed in Figure 4.4 for a 
more consistent comparison and to focus onto the more reliable period during the satellite era. 
There are more detailed features near the onset of EN, with some initial WP-CP SST 
warming. Such initial warming is apparent in the EPEN, and some studies suggest that is it 
due to initial westward extension of the WP warm pool, a recharging oceanic state, and 
developing westerly ZWA over the WP, and can be a precursor for an EN event (Graf 1986; 
Lai et al. 2015). 
 Most models are able to capture the three EN types spatial patterns and the associated 
amplitudes, with EPEN having the largest SSTA that are around the Niño3 or Niño1+2 
region, and CPEN has the smallest SSTA (Figure 4.5). 
 MPI-ESM-LR and MR have overall less varying EN intensities across the EN 
continuum, and the amplitudes are generally smaller than the reanalysis. In particular, MPI-
ESM-MR did not simulate any EPEN. This could be explained by its bias in simulating EN 
that are overall low in amplitudes, with a lot more CPEN than in the reanalysis. Other reasons 
are possible such as a strong cold tongue bias in the EP (Stevens et al. 2013). An examination 
of the physical feedbacks responsible for ENSO development in Jungclaus et al. (2013) 
reveals that the MPI-ESM models also suffer from an underestimation of the Bjerknes 
feedback that tends to be compensated by a too-low thermal damping effect.  
 The initial WP-CP SST warming, especially for the EPEN, is well captured in the 
NCAR-CCSM4 and CNRM-CM5. All other models do not show such a feature. 
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 The time of peak SSTA is generally well captured by most models. The reanalysis 
shows that the CPEN has a more varying time for its peak, so do the models. EPEN is more 
phased-locked to the boreal winter according to the reanalysis, as also described by Taschetto 
et al (2014). This phase-locking is well represented by most models, except the MPI models 
with weaker EN in general, consistent with Junclaus et al. (2013) where they found a weaker 
seasonal modulation of ENSO strength in addition to a secondary maximum of ENSO in late 
spring-early summer.  
 For GFDL-ESM2G, the peak of SSTA starts around boreal summer and the peak 
SSTA pattern is too far to the east within the Nino1+2 regions. 
 The comparison of the largest amplitude of model simulated EN events with the 
largest observed EN event (1997, Figure 4.6) is a good indicator of how good the model 
performs in terms of generating extremes in ENSO variability (Figure 4.7). Out of the 9 
models, only 2 (NCAR-CCSM4 and NorESM1-M) are able to generate an EN that is as 
strong as the 1997-98 EPEN. These two models also produce SSTA pattern similar to the 
observed 1997-98 event, with an initial CP warming earlier in the year before the peak.  
 CNRM-CM5 has the next best pattern. The remaining models have similar EN 
intensities with various different SSTA patterns. MPI-ESM-LR and GFDL-ESM2G have 
SSTA initially originate from the eastern-most Pacific. Maximum SSTA are often confined 
narrowly over the Niño1+2 region, especially for EPEN in contrast to observations. SSTA 
patterns often have a bias in extension with the warm pattern extending too far to the west, 
covering too much area of the Pacific basin. 
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Figure 4.4. As in Figure 4.3, but for the period 
from 1980. 
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4.4 Ocean dynamics and Kelvin waves 
 Kelvin waves are features that might be not resolved well in a composite because 
they consist of several eastward propagation signals during each EN event, with each wave 
lasting for about 2-3 months. Hence, a composite might not show any detailed features, but 
rather a more smoothed OHC evolution that captures the net effect of several Kelvin waves 
and air-sea coupled waves (Philander et al. 1984; Li et al. 2015). Nevertheless, it serves as 
guidance for the overall performance of the models in their ocean dynamics with respect to 
ENSO. 
 The top 300m ocean heat content anomalies (T300 OHC) composites from the 
reanalysis show that EPEN has the strongest signal associated with a combination of Kelvin 
waves propagations from west to east (Figure 4.8). HBEN and CPEN have similar patterns, 
but statistically significant signals for CPEN are actually only confined around 180º-150ºW. 
HBEN shows more propagation of signals than CPEN, but with weaker amplitudes than for 
EPENs. 
Figure 4.6. HadISST Hovmoller SSTA of the largest EN events in the reanalysis dataset, 
the 1982-83, 1997-98, and 2015-16 EPEN. 
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Figure 4.7. Hovmoller SSTA of the largest EN event in each model. Time axis for all covers the same 
length of time. The black line indicates the peak of the EN event with the month and year stated. 
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 The strong signals in the EPEN can be a good proxy to analyse the performance of 
models in simulating Kelvin waves. FGOALS-g2, CNRM-CM5, and NCAR-CCSM4 have 
realistic patterns in EPENs in terms of an increasing OHC amplitude to the east, and an 
eastward propagation from the western Pacific (Figure 4.9). Strong upwelling Kelvin wave 
signals following the EN are also well captured, especially in FGOALS-g2 and CNRM-
GODAS 
SODA 
Figure 4.8. Reanalysis of top 300m ocean heat content anomalies (K) composites of EPEN 
(left), CPEN (middle), and HBEN (right). 
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Figure 4.9. As in Figure 4.5 but for the top 300m ocean heat content anomalies composites for models. 
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CM5. ACCESS1-0, GISS-E2-H, and NorESM1-M have similar propagation features, but 
with smaller amplitudes. Amplitudes are very small in the MPI-ESM-LR and MPI-ESM-MR, 
which explains their overall weaker EN events. Since there are only three EPEN events in the 
MPI-ESM-LR, one of them very weak, the composite for MPI-ESM-LR EPEN is not very 
realistic. Closer examination of individual EPENs reveals that pulses of Kelvin waves 
propagate from west to east as in the observations, but they are much weaker than in 
observations (Figure 4.10). 
 
 
 
 Generally, models that are able to produce Kelvin waves with large amplitudes are 
able to generate strong EN through the thermocline feedback mechanism (more details in the 
next sections). These models are also able to produce a wider range of EN flavours. 
Conversely, models that lack major Kelvin waves are biased towards simulating more CP-
type EN, e.g. the MPI-ESM-MR. 
MPI-ESM-MR MPI-ESM-LR 
Figure 4.10. The ocean heat content of the largest EN event found in MPI-ESM-LR (left) and MPI-
ESM-MR (right). 
Figure 4.11. Reanalysis of the top 300m ocean heat content anomalies of actual EPEN events. 
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 ACCESS1-0 CNRM-CM5 FGOALS-g2 
GFDL-ESM2G GISS-E2-H MPI-ESM-LR 
MPI-ESM-MR NCAR-CCSM4 NorESM1-M 
T300 OHC anomalies 
HadGEM2-ES 
Figure 4.12. Hovmoller of ocean heat content 
anomalies of the largest EN event in each model. Time 
axes all have the same temporal length. Peak of SSTA 
is marked. 
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 In the following, Kelvin waves of individual EN events are analysed in more detail. 
Figure 4.11 shows the observed 1982-83, 1997-98, and 2015-16 EPEN OHC of GODAS. In 
each event, there are clearly several Kelvin waves that propagate from the Western Pacific, 
and gradually increase in amplitude as they travel towards the Eastern Pacific, consistent with 
the analysis in Bergman et al. (2001). The associated thermocline feedback increases the 
SSTA. The upwelling Kelvin waves are an apparent feature when the EN event ends, causing 
an ENSO phase-reversal into La Niña. This is most obvious in the two most intense EN 
events (1982-83 and 1997-98). Models should able to reproduce similar Kelvin waves with 
observed magnitudes in order to produce strong EPENs. Kelvin waves also are observed for 
CPENs, but they are much weaker and dissipate before they reach the Eastern Pacific. Kelvin 
waves in HBEN are often more separated in time.  
 Figure 4.12 shows individual T300 OHC of the strongest EN event in each model. 
CNRM-CN5, FGOALS-g2, NCAR-CCSM4, and NorESM1-M are able to produce strong 
Kelvin waves with anomalies larger than 3ºC. But in general, there is a weaker initial 
recharged state over the Western Pacific compared to observations. Propagation patterns are 
quite clearly from west to east with propagation speeds comparable to those in observations. 
But there could have been more pulses of Kelvin waves, which are not resolved by the 
available monthly mean data, as can be seen in the reanalysis. Other models produce only 
weak Kelvin waves even when the largest EN event is selected, consistent with their weaker 
SSTA for these events. in these models, Kelvin waves appear to be less organised as a 
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Figure 4.13. Left: Explained variance of each model in the relationship between the maximum change 
of the 293K isothermal depth over 100W and the maximum SSTA throughout each EN event. Red 
dot is for the reanalysis. Right: Maximum SSTA against the maximum change of the 293K isothermal 
depth at 100W for reanalysis. Red, grey, green imply EPEN, HBEN, and CPEN respectively. 
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continuous signal from west to east with time. All models are able to generate the upwelling 
Kelvin waves following the peak of the EN event as can be seen by the negative OHC 
anomalies. The stronger the downwelling Kelvin waves that the model can generate, the 
stronger the upwelling Kelvin waves that follow, for instance CNRM-CM5, NCAR-CCSM5, 
and NorESM1-M. NCAR-CCSM4 have the largest Kelvin waves comparable to those in the 
observations. This is also consistent with their largeer amplitude in SSTA, and therefore 
shows their ability to simulate reasonable thermocline feedback for large EN event.  
 To see how effective the models cause EP warming through the thermocline 
feedback, the maximum change in the 293K isothermal depth that occurred during an EN 
event over the EP region at 100W is correlated against the maximum SSTA throughout the 
Niño regions. The higher the SSTA, the bigger is the change in the thermocline depth (see 
Figure 2.3 in Chapter 2). Figure 4.13 shows explained variance of each model in this 
relationship, and is arranged by models with the highest explained variance from left to right. 
Generally, models with larger ENSO variability show larger R2. Models with weak ENSO 
have weaker SST warming that are subject to more influence from atmospheric noise. NCAR-
CCSM4 has the highest R2 of 83%, which is close to that from the reanalysis of 88%, and 
followed by CNRM-CM5 and NorESM1-M. These three models have a higher ENSO 
variability, with the ability to generate large EN events and a better simulation of Kelvin 
waves compared to other models with lower R2. In the reanalysis, the correlation can also be 
roughly divided into clusters of CPEN HBEN and EPEN, but the considered models, this 
separation is not as distinct, even for the better performing models (Figure 4.14). However, 
for the better performing three models as mentioned above, the pattern shows that CPEN has 
a weaker thermocline change and lower maximum SSTA. As the change in thermocline depth 
becomes larger, the SSTA becomes higher, and the EN-type tends towards a more EPEN-
type, which is similar to the reanalysis. ACCESS1-0 and HadGEM2-ES have the lowest R2. 
Figure 4.14. As in Figure 4.13 but for NCAR-CCSM5 (left), CNRM-CM5 (middle), and 
NorESM1-M (right). 
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The variability of the ACCESS1-0 thermocline depth change is too large. The different EN 
flavours are hard to distinguish from the thermocline depth-SSTA relationship for both 
models (Figure 4.15). 
 Most models simulate the WP discharged state as the EN event develops better than 
the initial recharged state. However, the magnitude of the initial recharged state is lower than 
the observations for the EPEN. For instance, the means and medians of the 5-250m, 130E-
160E, 5N-5S mean PTA in Feb(0) for all models are at least around 0.5K lower than those in 
the observations for EPEN. The WP discharged state near boreal winter is captured by some 
models, as can be seen by the upper OHC anomalies of the WP becoming negative, because 
of the upwelling Kelvin waves following the eastward propagating downwelling Kelvin 
waves. Models that have higher R2 for the EP change in thermocline depth and maximum 
SSTA generally perform better at simulating the recharged-discharged evolution. For 
instance, Figure 4.16 shows that NCAR-CCSM4 and CNRM-CM5 have the quasi-sinusoidal 
time series for the WP OHC anomalies as in the reanalysis shown as pink line, whereas the 
time series for GFDL-ESM2G and MPI-ESM-MR are rather flat. This leads to better 
distinguishable recharged-discharged evolutionary patterns between the EN types for the 
models with larger OHC variability than for those with less, for example, for GFDL-ESM2G 
and MPI-ESM-MR. These models have fewer EPEN throughout their runs. In terms of the 
strongest EPEN, the rest of the models have magnitude of the recharged-discharged evolution 
lying in between the two end members of performance of models shown in Figure 4.9. 
Among these models, NorESM1-M, and FGOALS-g2 have a better representation of the 
initial recharged magnitude, around 0.7K near Feb(0). ACCESS1-0, GISS-E2-H, HadGEM2-
E, and MPI-ESM-LR have relatively weak initial recharged magnitudes, around 0.3K near 
Feb(0). MPI-ESM-LR and HadGEM2-ES have relatively flat profiles for HBEN. 
Figure 4.15. As in Figure 4.14 but for ACCESS1-0 and HadGEM2-ES. 
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4.5 Zonal wind anomalies 
 The NOAA reanalysis for ZWA covers the period 1948-2016, and the ERA-Interim 
covers the period 1979-2016 (Figure 4.17), therefore the overall magnitudes of the anomalies 
will be smaller in the NOAA dataset because of a larger sample with more “noisy” signals. 
ERA-Interim only covers the satellite period , thus might have better quality data and be more 
representative than that in NOAA, although the number of samples for the composites is 
smaller. For consistency, the period 1979-2015 is also composited for the NOAA reanalysis. 
Comparison with the models will be done for both datasets. In general, the reanalysis shows 
clear distinctions between different EN types. In particular, models must be able to simulate 
the strong and sustained ZWA across the Pacific basin over time in order to produce a strong 
Figure 4.16. Whiskers of western Pacific upper ocean heat content anomalies time series for the four models 
discussed in the text. The time series are for EPEN, except the MPI-ESM-MR is for HBEN because it has no 
EPEN in its run. The pink line is the mean of the observations for the equivalent EN type. 
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EPEN (Figure 4.18). CPEN has westerly ZWA that are weaker, further confined to the west, 
and wind bursts that are separately further in time. HBEN ZWA lie in between the two. 
 Most models are able to produce different mean ZWA for different EN types, with 
EPEN having the strongest ZWA, and CPEN the weakest (Figure 4.19). However, there are 
obvious discrepancies between models in simulating the magnitudes of westerly ZWA. For 
example, FGOALS-g2, CNEM-CM5, and NCAR-CCSM4 simulate very large ZWA for 
EPENs, and HBENs, whereas other models have weaker ZWA than seen in the reanalysis. In  
Figure 4.17. Zonal wind anomalies composites for 
the NOAA reanalysis covering the period 1948-
2016 (top left three panels), 1980-2015 (bottom 
three panels), and ERA-Interim for 1979-2016 
(right three panels). For each dataset, the left, 
middle, and right panels are composites for EPEN, 
CPEN, and HBEN. 
NOAA ZWA 1980-2015 
Figure 4.18. As in Figure 4.6, but for ZWA reanalysis. 
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Figure 4.19. Zonal wind anomalies composites, as in Figure 4.16 but for all the models as 
labelled. 
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ACCESS1-0 CNRM-CM5 FGOALS-g2 
GFDL-ESM2G GISS-E2-H MPI-ESM-LR 
MPI-ESM-MR NCAR-CCSM4 NorESM1-M 
ZWA 
HadGEM2-ES 
Figure 4.20. ZWA hovmoller for the largest EN 
event in each model run. 
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particular, ZWA in both MPI-ESM models are quite weak, and confined to the Western 
Pacific. The strongest EN event shown in Figure 4.19 confirms the composites in Figure 4.19. 
CNRM-CM5, NCAR-CCSM4, and NorESM1-M produce very strong westerly ZWA that are 
sustained for longer times than in the reanalysis. These three, in addition to ACCESS1-0, 
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Figure 4.21. Whiskers of cumulative ZWA for all EPEN in each of the model shown. 
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GISS-E2-H, and FGOALS-g2 are able to capture the gradual eastward extension of the 
westerly ZWA throughout an EN event as in the reanalysis. The patterns of westerly ZWA in 
GFDL-ESM2G, MPI-ESM-LR, and MPI-ESM-MR are patchier, broken in time and confined 
to the western Pacific. 
 The cumulative time series in Figure 4.21 also shows that NCAR-CCSM4 has too 
large westerly mean ZWA compared to the reanalysis (pink line). The mean peak of the 
NCAR-CCSM4 cumulative ZWA is around 40m/s near Feb(1), whereas the observed mean 
peak cumulative ZWA is only 27m/s near Apr(1). CNRM-CM5 shows a more realistic peak 
mean cumulative ZWA magnitude of around 20m/s near boreal winter, but with occasional 
events that have ZWA larger than the observed. The NorESM-1-M has similar cumulative 
time series as the CNRM-CM5 (not shown). The mean peak ZWA is about 8m/s weaker than 
in observations, though there are two out of 17 EPEN that have peak ZWA approximately 
10m/s stronger than the observations.. The MPI-ESM-LR time series shows that there is a 
small number of events that have large ZWA, but they occur much later in the year. The 
overall mean ZWA of MPI-ESM-LR is skewed towards lower values by a single anomalously 
weak EPEN with negative cumulative ZWA.  
 Models that simulate large westerly ZWA also simulate larger ENSO variability. This 
does not necessarily imply the correct number of occurrences for each EN type. Although 
these ZWA are larger than in the reanalysis, the resulting larger ENSO variability leads to 
better simulations of the variety of EN types and increases the correlations between 
thermocline depth and maximum SSTA. In other words, models require a stronger forcing 
than the observed to reproduce correlation comparable to the observed. 
 
4.6 Combined effects of ZWA and recharged state 
 Figure 4.22 displays the correlations of the actual maximum Niño3.4 SSTA for each 
EN event in the model with the expected maximum SSTA. The latter is calculated by linearly 
adding the Feb(0) PTA and the cumulative ZWA up to the month in which the maximum 
SSTA occurred, with ! and ! are optimised for each model (section 2.6, Chapter 2). 
 Compared to Figure 4.14, there is a clearer distinction between EN types in Figure 
4.22. The stronger the EN event, the more EP-like the event is. Also, the strongest events in 
the models are usually EPEN. Conversely, the weakest events are usually the CPENs. 
Otherwise, there is a continuous spectrum of EN flavours that vary by intensity. Hence, when  
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Figure 4.22. Linearly adding the Feb(0) 
PTA (θ) and cumulative ZWA (U) of 
the month with maximum SSTA with a 
factor α, and β (K/ms−1) to calculate the 
expected SSTA 〈T〉 = αθ+βU. This is 
plotted against the maximum SSTA in 
Niño3.4. Red, grey, green represent 
EPEN, HBEN, CPEN, respectively. All 
R2 is shown in the bottom panel, with 
the order as in Figure 4.13 
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the two key parameters for the EN continuum are considered, there is better distinction 
between the extreme ends of the spectrum, although the moderate EN events are less 
distinguishable than in the reanalysis since EPEN span a much broader range of intensities 
than the observations. The two parameters can only explain 8% of the HadGEM2-ES Niño3.4 
variance, the lowest value of all models, suggesting that this particular model possibly 
produces EN by a different mechanism than the other models and in observations. 
 The EN variability in amplitude in Figure 4.22 differs between models. CNRM-CM5, 
NCAR-CCSM4, and NorESM1-M have a much wider range of EN intensities than other 
models with a range is similar to that in the reanalysis. These three models also have the best 
R2, consistent with Figure 4.13. GISS-E2-H and MPI-ESM-MR have the least EN variability, 
whereby the most extreme event is only about 2K in the Niño3.4 SSTA. These two models 
also have the lowest R2 apart from HadGEM2-ES. All other models have similar R2 of around 
40-45%. Interestingly, ACCESS1-0 has higher R2 when correlating the combined effects of 
WP recharged state and ZWA with Niño3.4 SSTA, but its R2 is low in Figure 4.15 when 
correlating the change in thermocline depth with EP SSTA. This could be because its 
thermocline variability is already quite large, therefore including the wind forcing helps to 
predict the Nino3.4 SSTA. The opposite is true for HadGEM2-ES, with only 8% R2 when 
considering the effect of the WP recharged state and ZWA on Niño3.4, but 39% of the EP 
SSTA is explained by the thermocline depth change in that region (Figure 4.14). This implies 
the chosen parameters have weak potential for ENSO predictions in this model, but the SSTA 
in this model is still able to response to the thermocline feedback over the EP. EN prediction 
using WP oceanic state might not work for HadGEM2-ES as the WP is often in a wrong state 
(negative OHC) prior to an EN event, and the recharged state is more towards the CP, as can 
be seen in Figure 4.12. The MPI-ESM-MR has a similar problem. It has the second lowest R2 
when considering the effect of the WP recharged state and ZWA on Niño3.4. But wrong 
initial WP recharged states occur less frequently and are smaller in magnitude than in 
HadGEM2-ES resulting in a higher R2. 
 In general, models that show a high R2 between thermocline change and the 
associated maximum SSTA have the potential to predict the expected Nino3.4 maximum 
SSTA using the two parameters. This illustrates that models must be able to simulate both the 
atmospheric forcing of westerly ZWA and the oceanic Kelvin waves well, so that the physics 
for the recharged-discharged oscillator and thermocline feedback can be correct.  Only then, a 
realistic EN variability can be simulated. 
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4.7 Predictability of ENSO 
 Having analysed how well the EN mechanisms are simulated in each model, the 
predictability of ENSO within each model run can now be investigated following the methods 
in Chapter 3. In the hindcast prediction mode of the statistical model, the expected NDJ 
Niño3.4 SSTA is correlated with the actual model NDJ Niño3.4 SSTA for each year in the 
model run. Figure 4.23 shows the various explained variances of all the models against lead-
time, and this is compared with the reanalysis as shown in red line. Since the reanalysis has 
only 37 years during the satellite period, a truncated sample of the latest years in the model 
was used to see if the model output is affected by this factor. No significant difference was 
found, so the full period of the model run will be used for analysis. 
 When ! and ! optimized for the reanalysis are used, all models, except NCAR-
CCSM4 (R2 = 30% or less), have R2 = 10% or less at lead times = 7 to 9, implying no 
prediction skill. This indicates that models inevitably have their own climatology different 
from the real world, therefore the ! and ! derived from reanalysis are not ideal for the models 
to make predictions on their own climate state. When ! and ! are optimized for each model, 
R2 of all models improves, especially at long lead times for some models. However, all 
models still have much lower R2 compared to the reanalysis during the spring predictability 
barrier. R2 for the reanalysis at a lead-time of 9 is 54%, but only 30% for CNRM-CM5, which 
is the best at long lead-times. At lead-time = 8, NCAR-CCSM4 quickly catches up and 
becomes the best model for shorter lead times. CNRM-CM5 becomes the  
Figure 4.23. Explained variance with lead time for all models and reanalysis (red) for predicting the 
NDJ Niño3.4 SSTA each year. Left panel is for when the alpha and beta from the reanalysis are used, 
whereas the right panel is when alpha and beta for each model is optimized. 
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Figure 4.24. Scatter plots of the actual model Niño3.4 SSTA in NDJ each year against the expected NDJ 
SSTA from the statistical prediction model. The predictions made in Apr(0), lead time = 7, is shown here 
for each model. 
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 114	
 
 
Figure 4.25. As in Figure 4.24, but for the predictions made in Oct(0), lead time = 1. 
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second best. Although R2 is still lower than the reanalysis, R2 is close to the values from 
reanalysis at short lead times.  
 Figure 4.24 displays scatter plots of the predicted Niño3.4 NDJ SSTA using ! and ! 
based on model data, the combined effect of Feb(0) OHC anomalies and cumulative ZWA 
from Nov(-1), x-axis, against the actual model’s Niño3.4 NDJ SSTA for each model at lead 
time = 7, y-axis. The reanalysis is also shown for comparison. Most models are unable to 
make ENSO predictions for this lead time as data points are still confined near the y-axis. 
Athough there are a few false-predictions, CNRM-CM5, NCAR-CCSM4, and NorESM1-M 
start to show predictability at lead-time = 7, with data points starting to evolve into the EN 
and La Niña quadrants. Looking at the very short lead-time = 1 in Figure 4.25, the models 
show their best performance. All models show that data points more or less converge to the 1 
to 1 line, with CNRM-CM5, and NCAR-CCSM4 having the best convergence, indicating 
better prediction skills than for other models. These two models, together with NorESM1-M, 
which is the third best model at this lead-time, simulate a larger ENSO variability for Niño3.4 
SSTA, similar to observations. Other models generally have a lower ENSO variability with 
data points clustering closer to the origin, and have a larger spread indicating lower prediction 
skills. Lower ENSO variability also leads to lower prediction skills as can be seen in MPI-
ESM-MR. 
 Generally, models that are able to capture the initial Western Pacific recharged state 
well have slightly higher skills earlier in the year, because the recharged state is the 
“memory” of the ocean that could potentially cause major SST warming over the eastern 
Figure 4.26. The medians of the distributions of Niño3.4 SSTA contributions from PTA (left) and 
ZWA (right) normalized to 1ºC by using the optimized and normalized beta, alpha from Figure 
4.23.  
-0.2 
0 
0.2 
0.4 
0.6 
0.8 
0 1 2 3 4 5 6 7 8 9 
SS
TA
 (K
) 
Lead time 
PTA contribution (median) 
-0.2 
0 
0.2 
0.4 
0.6 
0.8 
0 1 2 3 4 5 6 7 8 9 
Lead time 
ZWA contribution (median) 
Reanalysis 
80-14 
NCAR-CCSM4 
CNRM-CM5 
NorESM-1-M 
FGOALS-g2 
GISS-E2-H 
MPI-ESM-LR 
GFDL-ESM2G 
MPI-ESM-MR 
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 116	
Pacific. But, earlier in the year, there is little information from the wind anomalies as they 
become important only later in the year. Therefore for larger lead-times, the correct initial 
ocean state is most important. 
 In the case of CNRM-CM5, the initial recharged state is quite well captured as can be 
seen in Figure 4.17 Hence, earlier in the year, the recharged state is in favour of a potentially 
correct ENSO prediction at long lead times. However, ZWA are also important in the EN 
development, and there is lack of signal from the wind earlier in the year (Figure 4.21). Not 
until late boreal spring does the magnitude of the cumulative ZWA become large enough to 
contribute to the development of EN in this model.  
 Figure 4.26 shows the median contribution to the Niño3.4 SSTA from the WP PTA 
and the WP-CP ZWA normalised to 1ºC. It is found that the median is a better representation 
of the most common value among all EN events than the mean. There are often a few EN 
outliers that have PTA or ZWA contribution to Niño3.4 SSTA differing greatly from the rest, 
skewing the mean to anomalously low or high values. For CNRM-CM5, the initial recharged 
state is better captured than in other models and contributes the most to the SSTA (close to 
0.4ºC) at lead times = 5 to 9 when compared to other models. Contribution from ZWA only 
gradually increases from lead time = 5, implying that ZWA only become important in 
determining the ENSO evolution closer to the EN peak, and the predictability is more 
dependent on the initial oceanic state at longer lead-times. 
 On the other hand, recharged state contribution in NCAR-CCSM4 is lower, and the 
spread is larger since there are occasionally large negative WP OHC anomalies prior to an 
ENSO event, when initially negative OHC anomalies occur over the WP, leading to an 
initially lower predictive skill than CNRM-CM5. However, westerly ZWA are very strong in 
NCAR-CCSM4 and increase rapidly with time (Figure 4.21 and Figure 4.26). These 
compensate for the weaker initial recharged state, and become the dominant forcing in 
triggering Kelvin waves and zonal advection feedback causing SST warming. The 
contribution to the SSTA from its ZWA is the highest among all models and reanalysis, but 
implying NCAR-CCSM4 produces the best predictions for the wrong reason. 
 For GISS-E2-H and NorESM1-M, the former model has better skill at longer lead-
times, but is being out-performed by the latter model at shorter lead-times. The initial 
recharged states for both models have similar magnitudes and are closer to the observed than 
NCAR-CCSM4, but NorESM1-M has an unrealistic large spread in the initial WP oceanic 
state (not shown). GISS-E2-H compares better to the observed initial EN states. Hence, GISS-
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E2-H has a better and more consistent oceanic representation prior to ENSO for ENSO 
prediction, giving slightly higher R2 initially. However, throughout all lead times, ZWA 
contributions in NorESM1-M are much larger than in GISS-E2-H and closer to observations, 
helping the ENSO development. The ZWA of NorESM1-M contribute more skill for the 
expected ENSO intensities than in the GISS-E2-H. 
 Although FGOALS-g2 has been shown to have a well represented SSTA response to 
the thermocline feedback according to the analysis in Figure 4.13 (R2 = 58%, ranked 4th), its 
prediction skill of the mature EN phase is quite low. There are two main reasons: the 
simulated WP recharged-discharged states are, on average, 0.5-1K weaker than observed, 
therefore the contribution to SSTA from the PTA is low, only below 0.2ºC (Figure 4.26). The 
ZWA are quite strong (Figure 4.19), but the strong and continuously westerly ZWA only start 
around Jul(0), at a much later time than observed. Hence, the ZWA contribute only from lead 
time = 4, Figure 4.26. This is consistent with the strong increase in R2 from lead-time = 4 to 0. 
 ACCESS1-0, MPI-ESM-MR, MPI-ESM-LR, FGOALS-g2, HadGEM2-ES, and 
GFDL-ESM2G have lower R2 throughout all lead times than the other investigated CMIP5 
models (NorESM1-M, GISS-E2-H, CNRM-CM5, and NCAR-CCSM4). In general, the 
models with lower R2 have WP recharged-discharged states that are weaker, and therefore the 
contribution to SSTA is low as can be seen in Figure 4.26, in which the values are hovering 
near zero. Contributions from ZWA are more variable. Models with low R2 have weak ZWA, 
or a late onset of positive ZWA contribution to SSTA. At long lead times, both PTA and 
ZWA are weak, so there is a lack of sufficient input for accurate predictions. The SSTA might 
have been subjected to other unknown artefacts or noise in the models, so the SSTA variances 
cannot be explained by the two parameters used in the prediction model as much as that in the 
observations. 
 
4.8 Possible errors from precipitation and wind biases 
 The biases in the climatological mean state for zonal wind, OLR, and precipitation 
are displayed in Figure 4.28 Figure 4.29, and Figure 4.30 respectively. These are computed by 
the model’s climatological mean subtracted by that of the reanalysis. Following the idea of 
the climate regime shift (CRS) around 1999-2000 (Hong et al. 2014; Lyon et al. 2014), the 
post minus pre-CRS in the reanalysis is also shown (titled “Reanalysis” in the figures). This is 
to compare with the model biases to see if the biases resemble the patterns found in the 
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differences between the climate regimes. After the CRS, reanalysis shows that there are 
stronger trade winds, drier EP and wetter WP, which could lead to more CP-like EN events 
by weakening anomalous downwelling over EP (Chung and Li 2013). 
 The zonal wind is a good proxy for the strength of the Walker circulation, which 
plays an important role in the EN development through atmospheric-oceanic coupling 
processes of ZWA triggering oceanic Kelvin waves. The anomalous rising and subsidence 
branch of the Walker circulation can be inferred from cloudiness and precipitation. To 
complement the precipitation data, OLR is used as an indicator of cloudiness and total 
diabatic heating, which is linked to the strength of surface trade winds (Stechmann & 
Ogrosky 2014). Following Stechmann & Ogrosky (2014), the total diabatic heating (Fheat) is 
computed using !heat = −0.056Kday!! ∙ OLR                                                               Equation 4.1 
and shown in Figure 4.31. Equation (4.1) could quantify the strength of the overturning 
circulation itself, either from direct measures or from satellite OLR observations (Stechmann 
and Ogrosky 2014). However, this would be difficult to establish accurately because it would 
require an accurate, independent measure of diabatic heating, which is a major ongoing 
challenge (e.g. Ramanathan et al 1989; L’Ecuyer and McGarragh 2010). This problem is 
circumvented in equation 4.1 by inferring diabatic heating from OLR, one of the most 
accurately measured atmospheric quantities. Stechmann and Ogrosky (2014) develop and 
justify equation 4.1 by inferring diabatic heating from wind and geopotential height, both 
quantities that are well represented in reanalysis data. Since the overturning circulation 
influences diabatic heating it seems possible to also derive the strength of the overturning 
circulation from OLR. 
 Then in Figure 4.27, the differences between model and reanalysis of the value 200hPa 
minus 850hPa velocity potential (shading), and the 200hPa divergent wind (vectors), are shown. 
Similarly for the reanalysis (bottom panel), but the post-CRS is subtracted by pre-CRS. Negative 
velocity potential implies rising air motion that is associated with deep convection and diverging wind 
at the upper troposphere of 200mb. Since the computed differences in velocity potential for boreal 
spring and summer are only weak, only the DJF signals are shown and analysed in more detail, 
especially for the equatorial region. 
 For the velocity potential fields, all models show similar biases patterns compared to 
reanalysis (Figure 4.27). There is anomalous negative (positive) velocity potential over the 
Indo-Pacific warm pool (CP-EP) region. This implies too strong vertical upward (sinking) 
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motion over the WP (CP-EP). This zonal dipole pattern is similar to the pattern found in the 
reanalysis associated with the CRS, though the CRS pattern is more shifted to the east. 
Position and amplitude of this anomalous rising-sinking dipole pattern might be important in 
determining the potential for ZWA to be simulated. 
 Following the analysis in this chapter, the best performing CMIP5 models are 
CNRM-CM5 and NCAR-CCSM4. The amplitudes of the anomalous velocity potential are 
relatively small in CNRM-CM5 and NCAR-CCSM4. Both show smaller biases in zonal wind 
than other models, especially during boreal winter, where the strength of trade winds across 
the Pacific basin is close to the observed values Figure 4.28). OLR and precipitation also have 
the smallest bias (Figure 4.29 and Figure 4.30). This suggests that diabatic forcing of the 
mean state in the better performing models is closer to observations than in other models 
(Figure 4.31). The near-surface wind has a more realistic strength so that occasional large 
anomalous westerlies can develop and give rise to an EN variability that is closer to the 
observed. In these better models, the atmosphere-ocean coupled system is not locked to a 
certain regime, allowing westerly anomalies to develop, causing Kelvin waves, and shifting 
convections eastwards. 
 NorESM1-M can be considered as the third best model, but it has too strong easterlies 
towards the EP and slightly too weak easterlies over the WP, suggesting the Walker 
circulation might be shifted towards the east. The anomalous negative OLR and positive 
precipitation imply there is more diabatic heating near the central-eastern Pacific (Figure 
4.31), inducing low-level easterly winds over that region. But smaller biases over the WP still 
allow strong westerly wind anomalies to develop and to produce an EN variability close to the 
observed. 
 The overall patterns of the climatological velocity potential, ZWA, OLR, and 
precipitation for GISS-E2-H are opposite to those of the CRS. GISS-E2-H has a weaker than 
observed Walker circulation, which is reflected by much weaker trade winds in the CP region. 
The velocity potential zonal dipole pattern is shifted more to the west, with strong anomalous 
sinking motion over the CP (Figure 4.27). Although occasional strong westerly wind 
anomalies are simulated, the WP lacks a recharged state since the climatological easterlies are 
too weak to recharge the WP. As a result, Kelvin waves in this model are weak, consequently 
the ENSO variability is low as well. 
 Models that have been characterised as less good in ENSO simulations have strong 
easterly zonal winds over the WP, e.g. GFDL-ESM2G, MPI-ESM-LR/MR, and boreal winter 
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of ACCESS1-0 and HadGEM2-ES. Strong biases can also be seen in OLR and precipitation 
with strong zonal contrast. The WP sees too much precipitation and diabatic heating, and 
conversely, the equatorial Pacific is too dry with large negative diabatic heating anomalies 
from around 160ºE eastward. This could be due to an anomalously strong equatorial cold-
tongue and an incorrect shape of the eastern edge of the Indo-Pacific warm pool, which leads 
to biases in the spatial distribution of precipitation and wind (Grose et al. 2014). In contrast to 
CNRM-CM5 and NCAR-CCSM4, these models have diabatic heating confined to the WP 
and strong diabatic cooling to the CP-EP consistent with a stronger Walker circulation. The 
velocity potential dipole pattern is also larger in magnitude and the region of rising motion is 
extends more eastward over the WP. These models remain locked in this more La Niña like 
regime, resulting in anomalously weak westerly wind stress forcing reducing the ENSO 
variability because of lacking westerly wind anomalies. 
 This bias analysis is consistent with Grose et al. (2014), illustrating that there are still 
significant biases in WP warm and EP cold-tongue in many CMIP5 models. Our findings are 
also consistent with Bellenger et al (2014), who particularly focused on the atmospheric 
feedback associated with ENSO, and found that the atmospheric Bjerknes feedback is 
strongly underestimated by most CMIP5 models. Models with smaller biases tend to have 
improved ENSO simulations. Hence, biases in the climatological mean affect the fidelity of 
the ENSO simulations. Not until these biases are reduced can the ENSO variability be 
improved. 
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DJF Velocity Potential 200-850hPa 
Figure 4.27. DJF 200hPa minus 850hPa velocity potential 
(shading, in m2/s x 106) and this is subtracted by that of the 
reanalysis, and same for the vectors, but showing the 
200hPa divergent wind (m/s). The bottom panel is the 
same, but for the post-CRS (2000 to 2015) mins pre-CRS 
(1980-1999) 200hPa divergent wind (vectors, m/s).  
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Figure 4.28. Hovmoller of multi-years monthly equatorial climatological mean state zonal wind 
biases for each model, where model zonal winds are subtracted by the reanalysis. Positive (negative) 
values imply easterly (westerly) wind biases. The reanalysis is the post-CRS (2000-15) substracted by 
pre-CRS (1980-1999). 
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Figure 4.29. As in Figure 4.28, but for 
outgoing longwave radiation. 
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Figure 4.30. As in Figure 4.28 but for 
precipitation in mm/day. 
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Figure 4.31. As in Figure 4.28, but 
for total diabatic heating in K/day. 
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4.9 Summary 
 The better performing models according to Bellenger et al. (2014) and Grose et al. 
(2014) are chosen to analyse their ability in simulating EN and the predictability based on 
mechanisms. These two recent studies provide scores based on standard deviation of Niño 
indices in comparison with reanalysis data (Grose et al. (2014) or mainly focus on the 
atmospheric feedbacks, which only account for part of ENSO dynamics. Here, the models’ 
representation of the combined effects of ocean and atmosphere is explored. Aspects in 
assessing their performance include the frequency and diversity of EN, temporal and spatial 
SSTA patterns, ocean dynamics related to Kelvin waves and thermocline feedback, patterns 
of the ZWA, the combined effects of ZWA and recharged state, and the ENSO predictability. 
 EN is a continuous spectrum in terms of spatial patterns and intensities, ranging from 
weak CPEN, to strong EPEN (Chen et al. 2015; Chapter 2). Most models capture the main 
spatial and intensity features of CPEN, HBEN, and EPEN. Only MPI-ESM-MR has no 
distinct EPEN, though there are a few HBEN that are close to EPEN. Only three of the 
models, CNRM-CM5, NCAR-CCSM4, and NorESM1-M are able to simulate EN as intense 
as the observed with adequate spatial SSTA patterns. The strongest EN in the other models 
are around 1-1.5K weaker than the strongest observed EN. 
 From the reanalysis, OHC anomalies are a good proxy for detecting Kelvin waves, 
and are found for EPEN to be very strong with clear eastward propagation from the WP. Once 
again, CNRM-CM5 and NCAR-CCSM4 can simulate strong Kelvin waves, consistent with 
their SSTA variability, FGOALS-g2 simulates slightly weaker Kelvin waves than the former 
two models and slightly stronger than NorESM1-M. Other models also show Kelvin wave 
signals, but these are smaller in amplitude even when the strongest events are considered. All 
models are able to simulate eastward propagating Kelvin waves, but the downwelling Kelvin 
waves are often initiated more in the CP, while in the reanalysis they start in the WP. 
 Most models manage to capture the magnitudes of westerly ZWA, but there are larger 
discrepancies in the spatial distribution and duration of these westerly ZWA. Once again, 
CNRM-CM5, NCAR-CCSM4, and NorESm1-M have the largest ZWA variability, similar to 
that in the observations. For NCAR-CCSM4, ZWA is even too strong. The ZWA for the 
better performing models and the largest individual events gradually cover the whole 
equatorial Pacific basin over time, consistent with observations. Other models have different 
weaknesses: In FGOALS-g2 westerly ZWA begin too late in boreal summer; GFDL-
ESM2G’s and MPI-ESM-MR’s ZWA are too confined to the western Pacific, they do not last 
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long enough and are not continuous enough. For ACCESS1-0, ZWA are too weak. 
Nevertheless, ZWA differ between EN types for all models similar to observations. Often, 
stronger westerly ZWA in models lead to stronger SSTA despite the oceanic recharged state. 
This implies that in general, the mechanism for causing SSTA due to wind stress forcing 
exists in all models, but the amplitude and patterns of the ZWA are not adequate for some of 
the less well simulating models. 
 This leads on to reveal that models with more active ocean dynamics, i.e. larger 
Kelvin waves, are able to better simulate the SST warming through the thermocline feedback 
mechanism (Figure 4.13). The WP recharged-discharged evolution throughout stronger EN 
events are better captured, e.g. in NCAR-CCSM4 and CNRM-CM5. Models that are weak in 
this recharged-discharged evolution lead to infrequent occurrence of strong EPEN because of 
the lack of strong Kelvin waves for the recharged-discharged oscillator, e.g. GFDL-ESM2G, 
and MPI-ESM-MR. 
 Combining the effects of ZWA with the initial WP recharged-discharged state is 
another way to compare performance with observations. The explained variance of maximum 
SSTA in NCAR-CCSM4 by the combined effect of initial recharged state and ZWA is 
highest among all models and closest to observations. This is followed by NorESM1-M and 
CNRM-CM5. Similar results are obtained when the models are analyzed in hindcast 
prediction mode to predict the NDJ Niño3.4 SSTA for each year using Feb(0) OHC 
anomalies and cumulative ZWA from Nov(-1) as in Chapter 3. Models that simulate ZWA 
and Kelvin waves well have good predictive skills. ENSO variability is better simulated by 
the physics of thermocline feedback, where a range of SSTA magnitudes through the 
combined effects from the ZWA and the oceanic recharged state in triggering Kelvin waves 
can be simulated. When models have larger ENSO variability, the influence of other model 
artefacts or noise on SSTA are speculated to be almost negligible because the main physical 
processes that generate EN dominate, and so the variance of SSTA can be well explained by 
the two key parameters proposed in Chapter 2: initial WP recharged state, and cumulative 
ZWA. These parameters explain most of the variance in the observations.  
 In summary, the analysis in this study indicates that NCAR-CCSM4, and CNRM-
CM5 are the best-performing models, with NorESM1-M being the next best. But the results 
of this study also suggest that correctly simulating the OHC state and the subsequent triggered 
Kelvin waves, remains a challenge. ZWA are relatively better represented than the OHC state, 
but some models still have ZWA being too weak or too confined towards the WP. Improving 
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ENSO and mean state of a model might all be down to the role of atmospheric convection 
parameterisation as stressed by several studies (Neale et al. 2008; Watanabe et al. 2011), and 
the oceanic subsurface flow that is fundamental to ENSO development (Weare 2013).  
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Chapter 5 
 
Westerly Wind Bursts as the 
Triggering Mechanisms for El Niño 
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Chapter 5 : Westerly Wind Bursts as the 
Triggering Mechanisms for El Niño  
 
 Chapter 2 found the importance of oceanic Kelvin waves that are triggered by zonal 
wind anomalies (ZWA) to produce EP warming. This chapter will further explore the 
relationships between these ZWA due to westerly wind bursts (WWB) and Kelvin waves. The 
WWB that cause Kelvin waves will be characteristised, and the synoptic patterns that cause 
these WWB will be discussed. 
 
 
5.1.  Methodologies 
 The weekly oceanic subsurface potential temperature anomalies (PTA as defined in 
Chapter 2) from the Global Ocean Data Assimilation System (GODAS, Saha et al. 2014) are 
used to obtain ocean heat content anomalies (hereafter OHC), which is a proxy for identifying 
Kelvin waves. The daily outgoing longwave radiation anomalies (hereafter OLR) and zonal 
wind anomalies relative to the 1980-2016 climatology (ZWA) from NOAA Reanalysis 
(Kalnay et al. 1996) are used for identifying Madden Julian Oscillation (MJO) and west wind 
burst (WWB as defined below), respectively. Daily anomalies are computed by subtracting 
the daily seasonal cycle for the 1980-2016 periods from the raw data. Following Roundy and 
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Figure 5.1. Shading is the 20-100 bandpass filtered OHC in K, and contours are the 5-day running 
mean of ZWA in intervals of 1m/s, only positive ZWA (westerly anomalies) above 4m/s are shown. 
Green dots are the OHC maximum at each time step, and green line is the linear least squares fit of 
these maxima to identify a Kelvin wave propagation and determine phase speed. Green box indicated 
the WWB that probably triggered the Kelvin wave. 
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Kiladis (2006), weekly PTA and daily OLR data are filtered using 20-100-day bandpass-
filter. The filtering takes the time series for each grid point and fast Fourier transforms it into 
the frequency domain. Then frequencies outside the range of 20-100-day are filtered (set to 
zero) in the frequency domain and the spectrum is inverse fast Fourier transformed back into 
the time domain. This supresses all variability outside this frequency range to eliminate high-
frequency atmospheric noise.  
 OHC are computed by, firstly, averaging the 0-300m PTA over 5°N and 5°S. Then 
the so spatially averaged and bandpass-filtered OHC are plotted at each time step along 
130ºE-80ºW in a longitude–time Hovmoller diagram. A linear least squares fit is applied 
using local maxima from this Hovmoller diagram. Phase speeds of downwelling Kelvin 
waves are calculated similar to Shinoda et al. (2008), who used 2ºN-2ºS filtered dynamic 
height anomalies instead of OHC. Kelvin waves are identified when OHC is at least 0.5ºC or 
above. For each Kelvin wave, the amplitude is defined as the OHC peak along its trajectory. 
An example is shown in Figure 5.1. 
 There are some westward propagating features between the two large Kelvin waves. 
They could be an artifact introduced by the hard-edged Fourier filter used for the bandpass. 
However, this bandpass filter is commonly used to study oceanic Kelvin waves (e.g. Roundy 
and Kiladis 2006; Shinoda et al. 2008). These westward propagating features are small in 
temporal and spatial scale compared to the Kelvin waves, and do not affect the analysis in this 
study in any way. 
 WWB have been defined in various ways in the literature. In this study, the definition 
from Hartten (1996) is adapted: a spatially coherent patch of 5ºN-5ºS averaged westerly ZWA 
of at least 4m/s for at least 3 days in a smoothed 5-day running mean reanalysis data. The start 
and end dates of each burst are determined by the 4m/s threshold, but the synoptic context of 
the burst and the actual westerly winds are frequently of longer duration. The longitudinal 
extent is also determined by the 4m/s threshold. Different thresholds have been explored, and 
the conclusions are not sensitive for thresholds between 2 and 6 m/s. For illustration purposes, 
once a Kelvin wave has been identified on Hovmoller, the WWB that occurs closest to the 
onset location of the Kelvin wave is attributed to the excitation of the Kelvin wave. A green 
box is drawn around the WWB to indicate the onset and cessation of the WWB, and the 
maximum longitudinal extent throughout the WWB episode.  
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 132	
 Each WWB is assigned to one of four synoptic patterns based on the following 
criteria:  
(a) Cyclonic: cyclonic flow pattern are required on both sides of the equator, with an 
maximum anomalous wind between the cyclonic flow pattern exceeding 10m/s. The 
location of this maximum wind defines the centre of the cyclone. Its boundary is 
defined by an anomalous wind of 4m/s. Continuous extends from the WWB centre to 
within 5N-5S, contribute to the WWB. This continuity pattern defines the onset and 
cessation of the cyclonic flow pattern. See Figure 5.2(a) as an example. Shown are 
daily mean of MSLP (contours), MSLP anomalies (shadings), and wind vectors with 
black (grey) vectors implying winds with westerly (easterly) component. The green 
box indicates the maximum longitudinal extent of the WWB, which does not 
necessarily occur at the time of the plot shown. 
 
 
 
 
 
(a) Cyclonic flow 
Figure 5.2. Examples of synoptic pattern (indicated by black lines) associated with WWB for (a) 
cyclonic flow, (b) MJO, (c) cold air outbreak, and (d) cross-equatorial flow. (a), (c), and (d), show 
daily mean of each variable, contours (shading) are for mean sea level pressure (anomalies) in 
intervals of 2 hPa, black (grey) vectors are anomalous wind vectors of at least 4m/s with westerly 
(easterly) components. Green box indicates the maximum longitudinal extent of the WWB.  
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(b) MJO: MJO consists of large-scale coupled patterns in atmospheric circulation and 
deep convection (“active phase”) propagating eastward slowly (~5m/s) from the 
Indian Ocean and WP. It is flanked to both east and west by regions of weak deep 
convection and precipitation (“inactive or “suppressed phases”). The two phases are 
connected by overturning zonal circulations that extend vertically through the entire 
troposphere. In the lower troposphere below 10 km and near the surface, anomalously 
strong westerly winds exist in and to the west of the large-scale convective center 
with anomalous easterly winds to the east. These westerly ZWA could potentially 
trigger oceanic Kelvin waves, some details are discussed in Chapter 1. MJO is 
considered active when the real-time multivariate MJO index (RMM) amplitude is 
larger than 1 and inactive when not. RMM is based on a pair of empirical orthogonal 
functions (EOF1 and EOF2) of the combined fields of 15ºN-15ºS averaged 850-hPa 
zonal wind, 200-hPa zonal wind, and satellite-based outgoing longwave radiation 
data (Wheeler and Hendon 2004). The fields are combined by using the covariance 
matrix in the eigenvector computation so that the total variance of the combined field 
is the sum of the variance of the composing fields.  When EOFs of combined fields 
(e.g., OLR and winds) are computed, each field is normalized by its longitudinally 
average variance around the globe before input. This ensures that each field 
contributes equally to the variance of the combined vector. EOF1 describes the 
(b) MJO 
Figure 5.2(b): Hovmoller of 20-100-day bandpass filtered OHC (intervals of 0.5K) in shading, 20-
100-day bandpass filtered negative OLR in purple contours (intervals of 5 Wm-2), and 5-day 
running mean westerly ZWA in black contours (intervals of 1 ms-1). Green (black) line indicates 
Kelvin waves (MJO), green box indicates WWB. 
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enhanced convection over the WP, with westerly and easterly ZWA over the Indian 
Ocean-Maritime Continent and across the Pacific, respectively. EOF2 has enhanced 
convection over the Pacific and wind patterns that are in close quadrature to those of 
EOF1. An ‘‘MJO events’’ occurs when RMM ≥ 1 for at least 20 consecutive days so 
that it exceeds certain levels of amplitude and duration (Chiodi et al. 2014). RMM 
data can be found at http://www.bom.gov.au/climate/mjo/. Figure 5.2(b) shows the 
bandpassed OLR (purple contours) when a MJO event occurs. Black contours are the 
ZWA, and shadings are the OHC.  
 
(c) Cold air outbreak (CAO): The 3-day running mean MSLP anomalies are required to 
be at least 5hPa or above anywhere over Asia from 25ºN to 35ºN. This implies an 
enhanced anticyclonic flow over Asia with a northerly component east of the 
anticyclone that transports colder air towards the equatorial WP. In addition, a 
prevalent northerly flow of at least 5m/s is required over mid to south China within 
110º-120ºE, 22-38ºN. The northerlies must have a coherent patch with the winds 
towards the equator and turn westerly within the following three days or less after the 
CAO commences. See Figure 5.2(c) as an example when the coherent patch of winds 
from the Asian High to the equator is more prominent. The high pressure is indicated 
by the black dashed circle. The northerly flow is indicated by the black solid box. 
 
(c) Cold air outbreak  
Figure 5.2(c): As in Figure 5.2(a). Black box indicates the coherent patch of winds extend from the 
anomalous high pressure over Asia, indicated by black dashed circle, to the equator. 
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(d) Cross equatorial flow (Xeq): A band of cross-equatorial flow that recurves into 
westerly ZWA from either side of the equator. The resulting 5-day running mean 
westerly ZWA exceeding 4m/s is required to span at least 15º longitudes along the 
equator. See Figure 5.2(d) as an example. 
 
 These methods are trying to categorise different synoptic patterns as far as possible, 
but one must note that different patterns may not always be completely independent of each 
other. For instance, active MJO phase could lead to more cyclones, and CAO could lead to 
some cross-equatorial flows. Hence, all possible combinations from these four patterns are 
also included in the analysis (see Figure 5.11). 
 
 
 
 
 
 
(d) Cross-equatorial flow 
Figure 5.2(c): As in Figure 5.2(a). The black box indicates approximately the region with cross 
equatorial flows. 
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5.2 Characteristics of WWB in triggering different Kelvin 
waves amplitudes 
 60 Kelvin waves were identified for 1980-2016. The time at which each of them 
occurred and their phase speeds are displayed in Figure 5.3. Phase speeds vary from around 
1m/s to 3m/s, which could be related to the continuous forcing from atmospheric disturbances 
moving at different speeds (Roundy and Kiladis 2006). It is obvious that the Kelvin wave are 
much more active during EN years as can be seen by the clustering of the occurrence around 
EN years, where 78% of the identified Kelvin waves occur during EN years. The remaining 
22% Kelvin waves are triggered by a WWB in non-EN years, but they are more isolated in 
time.  
(a) (b)  
Figure 5.4. (a) Initial OHC is the averaged OHC in the 10º-longitude domain at the onset location and 
time of each Kelvin wave. OHC peak (K) is the amplitude of the Kelvin wave. (b) Zonal thermocline 
gradient (K per longitude) against Kelvin wave amplitude (K). 
Figure 5.3. Phase speeds (m/s) of Kelvin waves identified using the 20-100-day bandpass filtered ocean 
subsurface temperature data against the year at which it occurred. The bars at the top indicate times when 
EN events occur. Grey, green, and red imply HBEN, CPEN, and EPEN respectively. 
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 To examine briefly the evolution of Kelvin waves, the initial oceanic state around the 
location of where the Kelvin wave starts is compared against its OHC maximum throughout 
its trajectory in Figure 5.4(a). About 54% of the Kelvin wave amplitude can be explained by 
the initial recharged state. If the ocean is initially strongly recharged, then a potentially strong 
Kelvin wave can be triggered Figure 5.4(b) explores the importance of thermocline gradient 
on the development of Kelvin wave. The thermocline gradient is defined here as the rate of 
change of OHC per longitude from the location of WWB onset to the EP. Although 
correlation is quite low, there is an indication that steeper the zonal OHC gradients lead to 
stronger Kelvin waves. However, much of the remaining variance might be explained by 
various characteristics of the WWB to trigger, sustain, or contribute to the development of a 
Kelvin wave. 
 
 
Figure 5.5. WWB longitudinal coverage in degrees for each identified Kelvin wave against peak of 
OHC in K along the associated Kelvin wave. 
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 Figure 5.5 shows the amplitude of each identified Kelvin wave against the associated 
longitudinal coverage of the WWB that triggered the Kelvin wave. The larger the coverage of 
the WWB over the equator, the stronger the resulting Kelvin wave. Around 30% of the 
variance of the Kelvin waves’ intensity is explained by the WWB longitudinal extent. It turns 
out that if the WWB penetrates further to the east of the equatorial Pacific, the strength of the 
Kelvin wave tends to be enhanced as shown in Figure 5.7.  
 In addition, there is higher explained variance of 45% when the Kelvin wave intensity 
is correlated against the WWB duration as shown in Figure 5.6. The longer the wind stress 
associated with the westerly ZWA exerts on the ocean, the stronger the Kelvin wave tends to 
be. Although the variance of the Kelvin wave intensity that is explained by the strength of 
 
Figure 5.6. The eastern edge of WWB (degrees) against the OHC peak of each Kelvin wave 
identified. 
 
Figure 5.7. Duration of WWB (number of days) against the peak of OHC (K) for each Kelvin wave 
identified. 
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WWB (measured by the ZWA peak of each WWB) is relatively low, 24% according to 
Figure 5.9, it suggests that stronger ZWA can lead to stronger Kelvin waves. 
 
 The correlations of different parameters above against the magnitude of Kelvin waves 
are tested using the multi-linear regression method. The ones with larger correlations are 
shown in Figure 5.8. It demonstrates that higher variances can only be explained when one 
considers the atmosphere-ocean coupled system as a whole. Figure 5.8(a) shows that longer 
duration of the WWB and a steeper zonal OHC gradient can result in a Kelvin wave that has 
larger magnitude. For larger Kelvin waves, longer WWB duration and stronger initial 
recharged state are needed as shown in Figure 5.8(b). These two parameters also yield the 
highest possible correlation among all other combinations, and consistent with Lai et al. 
(2015). Furthermore, this study finds that each Kelvin wave is associated with a WWB. The 
 
Figure 5.8. Peak ZWA of each WWB (m/s) against OHC peak (K) of each Kelvin wave. 
(a) (b)  
Figure 5.9. A mutli-linear regression of (a) WWB duration and zonal thermocline gradient against 
Kelvin wave amplitude, the OHC peak, and (b) WWB duration and initial ocean recharged state at the 
location of Kelvin wave onset against Kelvin wave amplitude. 
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onset time of WWB and Kelvin wave is either simultaneous or days to weeks ahead, which 
suggests that WWB triggers Kelvin wave to propagate, consistent with the ideas in Roudy and 
Kiladis (2006) and Chiodi et al. (2014). Studies on the impact of WWB on CP-EP warming 
using coupled ocean-atmosphere model also suggest WWB is crucial in triggering Kelvin 
waves because only strong downwelling Kelvin waves are generated when westerly wind 
perturbations are introduced (e.g. Belamari et al. 2003; Lengaigne et al. 2004). 
 Lastly, WWB that do not cause a Kelvin wave are also considered in the analysis. 
This is to examine if there is a certain threshold in the characteristics of WWB and oceanic 
state that must be met as a minimum condition to trigger Kelvin waves that can lead to an EN 
event. Figure 5.10 displays the zonal thermocline gradient at the location of WWB against 
either (a) max ZWA of each WWB or (b) WWB duration, and the mean OHC at the location 
and time of WWB against either (c) max ZWA of each WWB or (d) WWB duration. Red 
(a)  (b)  
(c)  (d)  
Figure 5.10. (a) Zonal thermocline gradient (K per longitude) at the location of WWB against max 
ZWA of each WWB, with red (blue) dots for those with (without) a subsequent Kelvin wave. (b) as in 
(a) but for zonal thermocline gradient against WWB duration. (c) as in (a) but for mean OHC at the 
WWB domain against max ZWA for each WWB. (d) as in (a) but for mean OHC at WWB domain 
against WWB duration. 
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(blue) dots mean that the associated WWB have (have not) triggered a Kelvin wave. 
Approximately 5 WWBs occur per year, and only about half of which are able to trigger 
Kelvin waves. 
 There is a rather clear separation between the two groups in terms of the zonal 
thermocline gradient and mean OHC at the WWB domain, which represents the oceanic state 
where the WWB occurs. Figure 5.10(c) in particular shows that all WWBs associated with 
Kelvin waves (red dots) have negative zonal OHC gradient but there are still some WWBs 
occur when there is weak zonal OHC gradient and do not trigger Kelvin waves. WWB that 
occur at a location with a thermocline gradient sloping upwards with longitude and those near 
negative OHC are not likely to trigger a Kelvin wave. Conversely, if a WWB occurs at the 
location where OHC is positive and with zonal thermocline gradient sloping downwards with 
longitude, then a Kelvin wave is likely to be triggered. This means that WWB has to occur at 
the right oceanic condition in order to have a high chance of triggering a Kelvin wave. The 
characteristic of WWB that is associated with triggering a Kelvin wave is relatively less clear-
cut in terms of just the max ZWA during a WWB. However, the analysis for duration of 
WWB indicates that a longer WWB of roughly more than 20 days is likely to trigger a Kelvin 
wave. Although a WWB that is shorter than 20 days is not necessarily unable to trigger a 
Kelvin wave, the chance for it to trigger one should be lower. High wind speed of a WWB but 
of short duration does not necessarily trigger a Kelvin wave. 
 Hence, for an effective triggering mechanism, not only does the oceanic state needs to 
be at a recharges state, but the WWB also has to occur around the recharged location with 
long duration. A Kelvin wave is very likely to be triggered if a zonal OHC gradient with 
positive OHC over the WP exists, and when WWB is about 20 days or longer with a certain 
strength of around 4m/s or above. 
 
5.3 Synoptic patterns for WWB 
 Four synoptic patterns are defined in section 5.1. Figure 5.11 shows all combinations 
of these four synoptic patterns that produce a WWB with an associated Kelvin wave, and 
their occurring frequencies. WWBs that are due to a combination of cyclones, MJO, and Xeq 
occur most frequently with 20% of all the WWB. This is followed by the combination of 
cyclone and MJO (19%), and cyclone and Xeq (17%). A reasonable explanation is that MJO 
enhances convective activity over the WP and therefore increases the chance of cyclogenesis. 
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Cyclones also tend to induce Xeq flows when they are close to the equator, especially when a 
twin pair forms on either side. About 80% out of all WWBs are associated with a cyclone 
pattern. This is consistent with Hartten (1996) that common synoptic situations for WWB are 
strong individual cyclones or series of cyclones in one hemisphere. These cyclones bring 
about favourable conditions for triggering Kelvin waves because they have long duration and 
often generate strong ZWA. 
 Hovmoller and lat-lon plots are used to analyse the synoptic patterns associated with 
WWB that triggered Kelvin waves. Hovmoller plots will be shown with shadings for the 20-
100-day bandpass filtered OHC anomalies to show Kelvin waves. Green lines indicate the 
particular Kelvin waves being analysed (not all). Black contour shows the 5-day running 
mean westerly ZWA ≥ 4m/s. Green box indicates the associated WWB that triggered the 
considered Kelvin wave. Purple contours show the 20-100-day bandpass filtered OLR 
anomalies for identifying MJO. Black line indicates the propagation of the relevant MJO 
event if it exists. 
 Lat-lon plots are shown at the time of WWB with max ZWA. Shadings are the sea 
level pressure (SLP) anomalies. Contours are for SLP. Black (grey) vectors are wind 
anomalies vectors that have a westerly (easterly) component. Green box indicates the largest 
longitudinal extent of the WWB. 
 
Figure 5.11. Occurring frequencies of different synoptic patterns that related to the identified 
WWB. C = cyclones; MJO = Madden Julian Oscillation; CAO = cold air outbreak; Xeq = cross 
equatorial flow. 
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 A few examples of WWBs during some of the EN events are shown in Figure 5.12 to 
Figure 5.15. They are by no mean exhaustive, but these examples show different synoptic 
situations that are associated with the identified WWBs and ultimately Kelvin waves that 
cause an EN event. 
 Figure 5.12 shows the 1982-83 EN, one of the strongest on records. MJO is active 
during that period which can be seen by the OLR eastward propagation indicated by the black 
line. There are large and strong westerly ZWA, approximately 60º longitudinal coverage and 
maximum ZWA is about 13m/s, co-locate with the OLR over the CP. The WWB can be 
attributed to the MJO, cyclones and Xeq. The synoptic pattern shows the western periphery of 
the cyclone over southern hemisphere interacts with a cell of high pressure to its southwest. 
When the northeasterlies reach the equator, they turn westerlies.  
 One of the major WWBs for the 1986-87 EN is associated with a pair of cyclones on 
both sides of the equator while the MJO is active (Figure 5.13). The cyclones are anti-
symmetric about the equator, suggesting the existence of an atmospheric mixed Rossby-
gravity wave. The southeast periphery of the northern hemisphere cyclone and the northwest 
periphery of the southern hemisphere cyclone interact and cause significant westerly ZWA at 
the equator. 
 Another major WWB for the 1991-92 EN is also associated with a pair of cyclones on 
both sides of the equator during December 1991 (Figure 5.14). There is no active MJO event 
according to RMM index, which is also evident by the absence of an organised propagating 
signal in the OLR. The twin vortices are symmetric about the equator, suggesting an 
atmospheric equatorial Rossby wave pattern. The southern (northern) periphery of the 
northern (southern) hemisphere cyclone provides strong and sustained westerly ZWA over the 
equator, which then drives downwelling Kelvin waves. This is similar to the 2002-03 EN, 
where there is a twin pair of cyclones around October 2002 (Figure 5.15). 
 WWBs that are associated with CAOs are not common. Only 25% of all WWBs are 
to have patterns that include a CAO. One example can be found during the 1994-95 EN event 
(Figure 5.16). Here, MJO, cyclones, CAO, and Xeq all contributed to the WWB. In Dec 1994, 
the MJO is active, indicated by the black line. There are two cyclones locate anti-
symmetrically about the equator, with a much stronger one over the southern hemisphere. 
This could lead to a strong cross equatorial flow. At the same time, there are large positive 
MSLP anomalies over northern China with large pressure gradient towards the equator, 
indicating a CAO. Winds near 140ºE associated with the CAO were generally northeasterlies 
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around 10º-20ºN, and recurving to northwesterlies towards the equator. The combination of 
synoptic situations results in a large WWB coverage of about 60º in longitude. 
 The 1997-98 EN is one of the strongest events on record. Not only does the initial 
oceanic recharged state played crucial role in the onset, but also wind stress plays a major role 
in initiating and strengthening this EN of the century (van Oldenborgh 2000). The strong 
westerlies are mainly manifestation consequence of an unusually active MJO (McPhaden 
1999). Indeed, there is a long period of large RMM index, and the high MJO activities are 
depicted by many series of OLR propagating signals (left panel of Figure 5.17 black lines). 
The MJO has been related to active cyclongensis. Right panel of Figure 5.17 shows three 
rather intense cyclones that occur in March 1997, with the strongest located in the northern 
hemisphere. Their wind fields at equatorward peripheries contribute to strong westerly ZWA 
with a large fetch along the equator. A succession of Kelvin waves is excited by these 
episodic westerly ZWA.  
 The most recent 2014-16 EN event has attracted much attention because it is in 
strength almost comparable to the 1997-98 event. Aspects of the oceanic state are different 
from the 1997-98 event (Paek et al. 2017), which is beyond the scope of this analysis. 
However, the characteristics and synoptic situations of WWBs that occur during the EN are 
similar to the 1997-98 event. MJO is again very active, which provides the basis for high 
convective activity. Indeed, in July 2015, there are four cyclones over the Pacific basin that 
could potentially lead to strong cross equatorial flow (Figure 5.18). There are also cyclones at 
other times (not shown) consistent with Hu and Fedorov (2017). Compared with those in 
1997-98 EN, the 2015-16 WWBs are weaker, and have smaller longitudinal coverage, which 
is consistent with the overall smaller EN magnitude (L’Heureux et al. 2016). Nevertheless, 
cyclones and cross-equatorial flows play again an essential role in sustaining the fetch and 
intensity for triggering Kelvin waves. Those WWBs have similar dynamical impacts as for 
other strong EN events, exciting downwelling Kelvin waves, which propagate eastwards and 
induce EP warming. Subsequently, there is a coupled displacement of high SST, deep 
convection activity, and westerly ZWA, which suggests an important role played by the 
characteristics of WWB in terms of fetch, duration and intensity (Lengaigne et al. 2002). 
 
 
 
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 145	
 
 
Figure 5.12. Plots for 1982-83. Left: Hovmoller of 20-100-day bandpass filtered OHC (intervals of 
0.5K) in shading, 20-100-day bandpass filtered negative OLR in purple contours (intervals of 5 Wm-2), 
and 5-day running mean westerly ZWA in black contours (intervals of 1 ms-1). Green (black) line 
indicates Kelvin waves (MJO) of interest, green box indicates WWB. Right: Daily mean lat-lon plot at 
time of max ZWA for the WWB in the left panel, contours (shading) are for mean sea level pressure 
(anomalies) in intervals of 2 hPa, black (grey) vectors are anomalous wind vectors with westerly 
(easterly) components. Green box indicates the maximum longitudinal extent of the WWB. 
 
 
 
Figure 5.13. As in Figure 5.12, but for 1986-87. 
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Figure 5.14. As in Figure 5.12, but for 1991-92. 
 
 
Figure 5.15. As in Figure 5.12, but for 2002-03. 
 
 
 
Figure 5.16. As in Figure 5.12, but for 1994-95. 
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Figure 5.17. As in Figure 5.12, but for 1997-98. 
 
 
Figure 5.18. As in Figure 5.12, but for 2015. OLR data is not available. 
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5.4 Summary 
 The fundamental requirement for an EPEN and HBEN (but not CPEN) to develop is 
to have eastwards propagating downwelling Kelvin waves. To have these being excited, 
atmospheric forcing by an WWB is needed. WWBs that are able to excite Kelvin waves are 
characterized here. This study found that if WWB has strong intensity, large longitudinal 
coverage, and long duration, then the WWB is highly favourable in triggering Kelvin waves if 
the ocean conditions in terms OHC are susceptible for this forcing. Important aspect Kelvin 
waves mainly respond to the longitudinal coverage and duration of a WWB, since the ocean 
takes time to react to a wind stress forcing that acts over a large fetch. The rest of the variance 
of Kelvin wave is explained by the oceanic recharged state. 
 Kelvin waves are more likely to be triggered if the ocean is recharged over the WP. 
This also means that there should be a zonal thermocline gradient, with OHC decreases 
towards the EP. Taken together, if a large, strong and long lasting WWB occurs over a 
recharged region with steep thermocline gradient tilted towards the east, then a Kelvin wave 
is highly likely to be excited. 
 Finally, what would be the atmospheric situations favouring these WWBs? Synoptic 
pattern analysis suggests that cyclones with the combination of active MJO and cross-
equatorial flow are the most common situations associated with WWB. These three synoptic 
situations have all been active during recent strong EN events, such as 1997-98 and 2015-16. 
MJO provides the basis for high convective activities and enhances cyclongensis (Zhang 
2005). More cyclones can form near the equator and induce strong cross-equatorial flows at 
their peripheries, so that WWBs are generated. With the right initial oceanic state, favourable 
fetch, intensity and duration these synoptic patterns can trigger Kelvin waves and ultimately 
produce an EN event.  
 The analysis in this study is mostly based on correlation. Hence, in order to explore 
the causative effects of these synoptic patterns, and ultimately their effect on the ocean, a 
coupled atmosphere ocean model should be used in future studies. The effects of MJO’s 
ZWA on tropical SST could be tested, which has been explored in Chiodi et al. (2014). Their 
study finds that SSTA are seen when there are WWBs, regardless of whether the WWBs 
occur during an MJO or not. SST warming with similar character is also seen in the case of 
MJO that contains WWBs, but SST warming is not seen following MJO wind anomalies that 
do not contain WWBs. So, how often MJOs trigger WWBs remains a worthy modelling study. 
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One could also prescribe a cyclone near the equatorial WP with different WP recharge states 
to explore if the cyclone generates the WWBs as observed and ultimately trigger Kelvin 
waves that could then lead to EP warming. Other parameters could also be explored such as 
the WWB duration and longitudinal coverage. Understanding the causative effects of WWBs 
could facilitate more precise discussions of the relationship between synoptic patterns and 
ENSO. 
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Chapter 6 : Westerly Wind Bursts as the 
Triggering Mechanisms for El Niño in the 
NorESM1-M 
  
 It is essential to explore if climate models are able to capture the characteristics and 
relationships of WWB and oceanic Kelvin waves like those found in the analysis of chapter 5, 
so that climate models can be relied upon when conducting experiments with them in 
exploring other El Niño dynamics. 
 Given the limit availability of model simulations with relevant daily output, the 
Norwegian Climate Center’s Earth System Model version 1 intermediate resolution 
(NorESM1-M, NorESM hereafter) is chosen for further study as it is one of the better 
performing models in ENSO simulation according to the results in Chapter 4. Its 
performances will be compared with the results found for the reanalysis data in Chapter 5. 
 
6.1.  Methods 
 The NorESM is based on the Community Climate System Model version 4 (CCSM4) 
of the University Corporation for Atmospheric Research (Bentsen et al. 2013). The NorESM 
has a horizontal resolution of 1.9º in latitude and 2.5º in longitude for the atmosphere with 26 
levels in the vertical.  The horizontal resolution for the ocean components is approximately 1º, 
and has 53 vertical layers. The CCSM4 coupler in the NorESM computes the atmosphere-
ocean fluxes every half hour, providing the instantaneous fluxes to the atmosphere and daily 
mean fluxes to the ocean component. 
 The CMIP5 archive provides daily atmospheric output variables but not for the 
oceanic variables, so the NorESM was rerun with higher temporal resolution output in the 
CMIP5 historical mode. The simulation covers the period 1870-2005. Changing conditions 
consistent with observations are imposed and include: atmospheric composition due to both 
anthropogenic and volcanic influences, solar forcing, emissions or concentrations of short-
lived species and natural and anthropogenic aerosols, as well as land use. 
 The analysis for the characteristics of WWBs, and their relationships with Kelvin 
waves follows that in Chapter 5. One must note that the period being covered by NorESM is 
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much longer than that in the reanalysis. With longer period in NorESM, there could be 
different background states associated with interdecadal, decadal, or mulitidecadal variability, 
such as the Pacific Decadal Oscillation (e.g. Newman et al. 2016), and the recent global 
warming, that could influence the behaviour and evolution of ENSO at different times during 
the simulated period. There could also be major external forcing, such as volcanic eruptions 
covered by the longer period in NorESM, that could potentially influence the probability of an 
EN event occurring (e.g. Adams et al. 2003). However, good quality observational data, 
especially for the ocean, is limited before the satellite era to have dataset that is as long as the 
model-simulated period. Moreover, disentangling interactions between climate variability of 
different timescales and investigating ENSO variability within the simulated period is beyond 
the scope of this study.  Nevertheless, by comparing model data with reliable available 
reanalysis, this study will provide some insights of NorESM in simulating necessary 
characteristics of WWB related to EN. 
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6.2 Characteristics of WWB in triggering different Kelvin 
waves amplitudes in the NorESM1-M 
 283 Kelvin waves were identified for 1870-2005. In the reanalysis, about 17 Kelvin 
waves would occur per decade, and about 20 in the NorESM. The time at which each of the 
Kelvin wave occurred and their phase speeds are displayed in Figure 6.1. In agreement with 
reanalysis, the phase speeds in the NorESM vary from around 1m/s to 3m/s, and Kelvin wave 
activity is higher during EN years as can be seen by the clustering of their occurrence during 
EN events. Similar to the reanalysis, there are also some Kelvin waves occasionally triggered 
Figure 6.1. Phase speeds (m/s) of Kelvin waves, and CPEN, HBEN, and EPEN in green, grey, and red bars 
respectively as in Figure 5.3, but for NorESM. 
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during non-EN years. 68% of all Kelvin waves in NorESM occur during EN, which is slightly 
lower than 78% found in the reanalysis.  
 The initial oceanic state around the onset location of a Kelvin wave is examined to 
explore how the initial oceanic state influences the evolution of Kelvin wave. Figure 6.2(a) 
indicates that about 56% of the variances in strength of Kelvin wave in the NorESM are 
explained by the initial recharged state. This is very similar to the explained variance of 54% 
in the reanalysis. In order for the NorESM to simulate a strong Kelvin wave, the ocean has to 
be in a significant recharged state too. Figure 6.2(b) then illustrated the relationship between 
the zonal OHC gradient against the amplitude of Kelvin wave. The explained variance in the 
NorESM is 12% (reanalysis 10%), which is low compare to the explained variance of OHC 
itself because the magnitude of Kelvin wave will always depend on other factors such as the 
wind stress forcing from WWB. Nevertheless, the NorESM is able the capture the fact that 
strong zonal OHC gradient can potentially result in a strong Kelvin wave. It is also interesting 
to note that the overall peak magnitude of Kelvin waves simulated in the NorESM is about 
2.6K at maximum, weaker than those found in the reanalysis of around 4K. OHC mean and 
median in NorESM are around 1.2K, which are also lower than in the reanalysis, which are 
1.7K and 1.6K respectively. Details are already discussed in Chapter 4.  
 There is always a WWB for each Kelvin wave in NorESM, this is consistent with the 
reanalysis. Figure 6.3(a) shows the correlation between the longitudinal extent of WWBs and 
the associated Kelvin wave. The NorESM is able to simulate stronger Kelvin waves when the 
WWBs cover a larger zonal area, with an explained variance of 27% (29% in the reanalysis). 
But for the strongest Kelvin wave, the reanalysis has larger longitudinal extent of 95º, 
Figure 6.2. As in Figure 5.4, but for NorESM. (a) Initial 10º-longitudinally averaged OHC at the 
onset location and time of each Kelvin wave against the OHC peak gained during each Kelvin 
wave. (b) Zonal thermocline gradient (K per longitude) against Kelvin wave amplitude (K). 
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whereas the largest extent is only 85º in the NorESM. The mean, median, and minimum 
longitudinal extents in NorESM are 32º, 30º, and 7º respectively, while the extents are larger, 
being 44º, 38º, and 10º in the reanalysis. Figure 6.3(b) indicates that the eastern edge of the 
WWBs tend to extend further eastward for stronger Kelvin waves in the NorESM. A similar 
pattern is found in the reanalysis. Yet, the overall eastern edge WWBs in the NorESM seems 
to be about 10º further westward than in the reanalysis. The Eastern WWB extent explains 
17% of variance of the Kelvin wave amplitude in the NorESM, lower than the 23 % in the 
reanalysis. 
 The reanalysis suggests that a long WWB duration is important for generating 
significant Kelvin waves, with 45% of the variance in Kelvin wave amplitude explained by 
the WWB duration. The NorESM is also able to capture this relationship as shown in Figure 
6.3(c). The explained variance is 31%, thus lower than in the reanalysis but still one of the 
(a)  (b)  
(c) (d)  
Figure 6.3. As in Figure 5.5, but for NorESM. (a) WWB longitudinal coverage (degrees) for each Kelvin wave 
against peak of OHC (K) during each associated Kelvin wave. (b) The eastern edge of WWB (degrees) against 
the Kelvin wave’s OHC peak. (c) Duration of WWB (number of days) against the peak of OHC (K) for each 
Kelvin wave identified. (d) Peak ZWA of each WWB (m/s) against OHC peak (K) of each Kelvin wave. 
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highest explained variances compare to other WWB variables, consistent with the reanalysis. 
The NorESM is, however, less able to simulate a long duration of WWB. About 15% of all 
WWBs in the reanalysis last for more than 50 days, but only around 1% in the NorESM. On 
the other hand, in the NorESM 2.5% of all WWBs have peak ZWA above 15m/s (Figure 
6.3(d)), in contrast there is no WWB with ZWA higher than 15m/s in the reanalysis. The too 
strong ZWA are consistent with results in Chapter 4. Nevertheless, 25% of the variance in 
Kelvin wave magnitude is explained by the peak ZWA of a WWB, similar to the reanalysis 
(24%). So, stronger WWB tend to trigger stronger Kelvin waves. 
 Following the multi-regression in chapter 5 for the reanalysis, this method is repeated 
for the NorESM to assess if the magnitude of Kelvin waves can be explained by a 
combination of the atmospheric and oceanic factors that already yielded relatively high R2 on 
its own when correlating with Kelvin wave magnitude. Figure 6.4(a) tests the relationship of 
the magnitude of Kelvin waves with the combined effect from WWB duration and zonal 
thermocline gradient in the NorESM. About 36% of the variances in Kelvin wave magnitude 
is explained by a longer WWB duration and a steeper zonal thermocline gradient. This is 
consistent with the reanalysis where R2 higher with 47%. Figure 6.4(b) uses the WWB 
duration and the ocean initial recharged state over the location of Kelvin wave onset. This 
produces an even higher R2 of 67%, very close to the reanalysis with 68%. This shows that 
the evolution of Kelvin waves in the NorESM as in reanalysis is mostly depended on these 
two variables.  
(b)  
Figure 6.4. Multi-linear regression as in Figure 5.9, but for NorESM. (a) WWB duration and zonal 
thermocline gradient against Kelvin wave amplitude, the OHC peak, and (b) WWB duration and 
initial ocean recharged state at the location of Kelvin wave onset against Kelvin wave amplitude. 
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 WWBs that do not trigger Kelvin waves are examined as for the reanalysis. 
Considering all WWBs, approximately 4 WWBs occur per year, similar to the reanalysis (5 
per year). About 60% trigger Kelvin waves, which is slightly higher than the 50% in the 
reanalysis. Figure 6.5 displays the characteristics of WWBs that trigger (red) and do not 
trigger (blue) a Kelvin wave. Figure 6.5(a) and (b) show a rather clear separation between the 
two WWB groups. Those WWBs that trigger Kelvin waves occur when the zonal OHC 
gradient is negative, meaning higher OHC to the WP and lower over the EP, consistent with a 
recharged state. Conversely, those WWBs that do not trigger Kelvin wave occur when the 
ocean is not in a charged state. This is consistent with what has been seen in the reanalysis 
(see fig. 5.10 (a) and (b)), implying that the NorESM is able to simulate Kelvin waves when 
WWBs occur for the right oceanic condition. 
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 Figure 6.5(c) and (d) show the characteristics of WWBs in terms of their maximum 
ZWA (Umax) and the OHC at the location when the WWB occur. There is less clear separation 
between WWBs that trigger a Kelvin wave and those that do not. This is especially the case 
for the lower bound of Umax and OHC. This implies that when a WWB is not strong and the 
WP is not strongly recharged, the chance for a Kelvin wave to be triggered depends on other 
factors, such as zonal thermocline gradient, duration and longitudinal coverage of a WWB. 
However, there is an indication that for WWB with higher Umax and a higher OHC, a Kelvin 
wave is more likely to be triggered. The distinction between WWBs that trigger Kelvin wave 
and those do not in terms of the OHC at the WWB location is less clear in the NorESM than 
in the reanalysis. In the reanalysis, WWBs that (do not) trigger Kelvin waves are 
accompanied by a positive (negative) OHC (figure 5.10 (c) and (d)), but this is less clear in 
the NorESM unless OHC is close to 0.5K. On the other hand, there seems to be a distinction 
(a) (b)  
(c) (d)  
Figure 6.5. As in Figure 5.10, but for NorESM. (a) Zonal thermocline gradient (K per longitude) at the 
location of WWB against max ZWA of each WWB, with red (blue) dots for those with (without) a 
subsequent Kelvin wave. (b) as in (a) but for zonal thermocline gradient against WWB duration. (c) as 
in (a) but for mean OHC at the WWB domain against max ZWA for each WWB. (d) as in (a) but for 
mean OHC at WWB domain against WWB duration. 
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in WWB duration, where WWB with duration of longer than around 20 days are more likely 
to trigger a Kelvin wave. So in general, there is an overall shorter WWB duration in the 
NorESM. NorESM is likely to simulate Kelvin waves when WWB duration is longer like in 
the reanalysis, but the distinction is less clear when WWB lasts less than 20 days. NorESM 
simulates Kelvin waves even when OHC is negative at the location of WWB, while there is 
almost no Kelvin waves with negative OHC at WWB location in the reanalysis. On the other 
hand, the distinction between WWB with Kelvin wave and WWB without Kelvin wave is 
similar to that in the reanalysis in terms of zonal thermocline gradient where most Kelvin 
waves occur with negative zonal thermocline gradient.  
 
6.3 Synoptic patterns for WWB in the NorESM1-M 
 Following the synoptic patterns defined in Chapter 5.1, the analysis is repeated for 
those simulated in NorESM. Figure 6.6 shows all combinations of the four synoptic patterns 
that produce a WWB with an associated Kelvin wave in NorESM, as in Figure 5.11 for 
reanalysis. In terms of differences with the reanalysis, up to 25% of WWBs in NorESM are 
associated with just Xeq alone, but this synoptic pattern only account for around 5% in the 
 
Figure 6.6. As in Figure 5.11, but for NorESM in orange and reanalysis in green. Occurring 
frequencies of different synoptic patterns that caused the identified WWB. C = cyclones; MJO = 
Madden Julian Oscillation; CAO = cold air outbreak; Xeq = cross equatorial flow. 
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reanalysis. The most frequent synoptic pattern in the reanalysis is a combination of cyclone, 
MJO, and Xeq with a frequency of 20%, but this is only 11% (4th most frequent) in NorESM. 
Moreover, there are no WWB is associated with MJO alone, and MJO+CAO+Xeq in 
 
Figure 6.7. As in Figure 5.12, but for those in NorESM. Shadings show OHC(K), purple contours 
show OLR, and black contours show ZWA. Green and black lines indicate Kelvin wave and 
MJO respectively. Green box indicated WWB. The Hovmollers plots are those during the six 
strongest El Niño events in NorESM. 
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NorESM, but a small number of WWBs is found to have these synoptic patterns in the 
reanalysis. 
 However, there are similarities with the reanalysis. Synoptic patterns that are 
associated with cyclones are more common than others. Synoptic patterns that consist of 
cyclonic pattern accounts for 76% out of all WWBs, close to the 80% in reanalysis. Cyclone 
with Xeq is quite common in the reanalysis (17%) and NorESM (22%). Cyclone, cyclone 
with MJO, and cyclone+MJO+Xeq are one of the most frequently occurring patterns. Both do 
not have WWB that is associated with the combined pattern of MJO and CAO, or CAO alone, 
and WWBs associated with CAO are uncommon. Only 12% out of all WWBs are associated 
with synoptic patterns that consist of CAO in NorESM, similar to the 18% in reanalysis. 
 To look at synoptic patterns in NorESM, Hovmollers are plotted with shading, black 
contours and purple contours showing OHC, ZWA, and OLR, with marked Kelvin waves 
(green lines), MJO (black lines), and WWB (green boxes) as in Figure 5.12 for the reanalysis. 
Again, they are by no mean exhaustive, but composites of events would smear out patterns 
because synoptic features occur differently in spatial and temporal dimensions. Those shown 
in Figure 6.7 are the strongest six EN events in NorESM. The SLP (contours), SLP anomalies 
(shading), and ZWA (black vectors for those with westerly component) are displayed in 
Figure 6.8 that correspond to the day in which ZWA attain a maximum during the EN events 
in Figure 6.7.  
 MJO is found to be rather active during very strong EN events in the reanalysis, 
especially those in 1997-98 (Figure 5.17). MJO events can be seen with negative OLR 
(implying high convective activities) propagates from the west to east. This is especially clear 
in the model’s year of 1922, with two high convective activities propagate steadily from west 
to east. However, none of the strongest EN events in NorESM has MJO as active as those 
found in 1997-98, in which there are five clear propagation signals. The negative OLR signals 
are often quite broken and scattered spatial and temporally in NorESM, and thus most 
negative OLR signals are not sustained or without clear propagation signal to be classified as 
an MJO event. This is reflected in Figure 6.6 that MJO events in NorESM associated with 
WWBs are less likely than those in reality. Nevertheless, convections are often found to be 
co-located with WWBs, which are also found to be the case in the reanalysis.  
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 There are often cyclonic flows near the equator during some strong EN events in the 
reanalysis, where their southern flank causes the equator to experience westerly ZWA. The 
cyclonic flow is especially apparent in 1997-98 (Figure 5.17) and 2015-16 (Figure 5.18). Here, 
NorESM is able to simulate cyclonic flow in these six sampled EN events. There is also a 
mixture of Xeq flow. In the 1939 case in NorESM, there are even three cyclones, which is 
also found in the 1997-98 reanalysis. However, the cyclones simulated in NorESM cause 
stronger equatorial westerly ZWA than in the observed. The cyclones in the reanalysis only 
cause Umax of around 13m/s, but it is around 15m/s to 17m/s in NorESM. Cyclones in 
NorESM have very strong wind anomalies over their equatorial side causing unusually strong 
equatorial westerly ZWA, such as those in NorESM’s 1975, 1939, and 1887. 
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Figure 6.8. As in Figure 5.12, but for NorESM. The plots show the ZWA (vectors), SLP (contours) 
and SLP anomalies (shadings) when the equatorial ZWA are at a maximum during the El Niño 
event shown in Figure 6.7. 
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6.4 Summary 
 The aim of this chapter is to compare the simulated WWBs, and their relationships 
with Kelvin waves in the NorESM against those found in the reanalysis in Chapter 5. The 
analysis indicates that NorESM is able to simulate a similar spectrum of Kelvin waves. The 
phase speed of Kelvin waves is similar to those in the reanalysis. Although the overall 
magnitude of Kelvin waves in the NorESM is smaller than observed, they depend in the same 
way on the initial oceanic state and the zonal thermocline gradient. The explained variances 
are similar to that in the reanalysis. 
 The magnitude of Kelvin waves in the NorESM can be explained by various WWB 
characteristics, similar to the reanalysis. The duration of WWB has the highest correlation 
with the magnitude of Kelvin wave among the considered WWB variables, whereby longer 
WWB durations lead to stronger Kelvin waves. However, the NorESM only simulates about 
1% of WWBs with duration longer than 50 days. These long-lasting WWBs are with 15% 
more frequent in the reanalysis. On the other hand, about 2.5% of WWBs have Umax larger 
than 15m/s. Strong events like this are not found in the reanalysis. Since strength and duration 
of WWBs similarly influence Kelvin waves, there appears to be a compensation of an 
underprediction of the WWB duration by an overprediction of its strength. The combined 
effect of WWB duration and zonal thermocline gradient is tested by multi-linear regression. 
The R2 in NorESM is slightly lower (36%) than in the observed (47%). But the combined 
effect of the oceanic initial state with WWB duration shows the highest R2 in both reanalysis 
and NorESM, with R2 of about 68%. This suggests the mechanism to simulate Kelvin waves 
in NorESM is mainly from the long zonal wind fetch and the initial recharged state like in the 
reanalysis. 
 Concerning the different characteristics of WWBs that do and do not trigger Kelvin 
waves, there is less distinction in terms of the oceanic recharged state at and when the WWB 
occurs in the NorESM compared to reanalysis. WWBs that trigger Kelvin waves coincide 
almost always with positive OHC at the location of the WWB. However, WWBs that trigger 
Kelvin waves tend to have longer duration than those that do not, similar the reanalysis. The 
distinction with zonal thermocline gradient is more marked. WWBs that do not trigger Kelvin 
waves occur when the zonal thermocline gradient is positive, which means the WP is at a 
Characterisation	of	Different	El	Niño	Types,	their	Physical	Causes	and	Predictions	
Andy W. C. Lai, for the degree of Doctor of Philosophy		
   UNIVERSITY OF CAMBRIDGE 165	
discharged state, unfavourable for any Kelvin wave to be triggered, and vice versa. This is 
also true for the reanalysis. 
 Finally, synoptic pattern analysis suggested that cross-equatorial flow alone is the 
most common situation to cause WWB in the NorESM, unlike in the reanalysis where 
cyclones with the combination of active MJO and cross-equatorial flow are the most common 
cause. However, consistent with reanalysis, the NorESM often produces WWBs under 
synoptic patterns that consist of cyclonic flow near the equator, and WWBs related to CAO 
are less common. MJO is less common in NorESM to associate with WWB because 
convective activities are often not as persistent as those in the reanalysis. NorESM is able to 
simulate cyclonic flow to cause strong WWB especially for strong EN events like in the 
observed, but the associated equatorial westerly ZWA are about 2-3m/s above the observed. 
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Chapter 7 : Discussions, Conclusions, and 
Outlook 
 
7.1. Discussions and conclusions 
 This study uses reanalysis data to characterise different El Niño (EN) types in terms 
of the spatial and temporal patterns of sea surface temperature anomalies (SSTA), ocean 
subsurface temperature anomalies, and zonal wind anomalies (ZWA). A unified theory is 
formulated to explain their subsequent evolutions. El Niño Southern Oscillation (ENSO) 
predictability based on the formulated theory is then explored, and its performances relative 
to other NOAA Climate Prediction Centre (CPC)’s models compared. In the meantime, 
different ENSO predictive skills are found for two sub-periods during 1980-2016, and 
possible explanations are discussed. The study then moves on to examine the performances of 
the Climate Models Intercomparison Project 5 (CMIP5) models in simulating EN, and ENSO 
predictability within the model. The ZWA are found to be essential in triggering an EN, so 
the characteristics and causes of these ZWA are examined using reanalysis data. Finally, the 
simulated ZWA in one of the better performing CMIP5 models are assessed. 
 By analysing the temporal and spatial SSTA evolution of EN events during 1980-
2016 in Chapter 2, all events are found with an initial Central Pacific (CP) warming pattern, 
westerly wind anomalies around 120ºE-150ºE, and easterly wind anomalies around or east of 
180º. This allows eastward extension of the Western Pacific (WP) warm pool into the CP, but 
the warm sea surface water is confined by the easterly winds. This localised air-sea 
interaction is maintained by convective activity in the atmosphere. 
 Each individual event then evolved fairly differently. The 1982-83 and 1997-98 
Eastern Pacific El Niño (EPEN) can be explained well by the recharge-discharge oscillator 
and delayed oscillator theory (Suarez and Schopf 1988; Battisti and Hirst 1989; Jin 1997). 
These events involve major Kelvin waves that fully propagate to the eastern-most Pacific and 
induce strong SSTA through the thermocline feedback. The 2003-04 and 2004-05 events had 
SSTA only confined in the CP. All the rest of the events, namely the Hybridg El Niño 
(HBEN), had SSTA spatial patterns and intensities that lie in between Central Pacific El Niño 
(CPEN) and EPEN. 
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 Two parameters are found to determine the evolution of the events and describe the 
“El Niño continuum” consistent with Giese and Ray (2011): the Feb(0) WP recharged state as 
measured by potential temperature anomalies (PTA) and the western-central Pacific 
cumulative ZWA. Both are related to the Kelvin wave mechanism, and therefore the 
thermocline feedback. These two parameters are able to explain more than 80% variability of 
the maximum SSTA in all the standard Niño regions, except Niño4 because there the 
thermocline feedback is not important. This shows that the thermocline feedback and the 
initial recharged state of the WP and winds are both important. A recharged state alone is 
necessary but not sufficient for the development of an EN event. The CPEN and EPEN are 
the end members of the El Niño continuum. 
 In the case of EPEN, the WP recharged state is needed for a Kelvin wave to be 
triggered. Strong continuous westerly anomalies initiate and sustain the eastward propagation 
of Kelvin waves to the eastern-most Pacific region. Both factors superimpose constructively 
in the thermocline feedback mechanism. The HBENs fill in the El Niño continuum whereby 
the two parameters contribute differently for each of these events. Either the WP is 
moderately recharged with only moderate westerly wind anomalies, or the WP is strongly 
(weakly) recharged but with a weak (strong) westerly wind anomaly. Hence, a fully-fledged 
EPEN event is suppressed.  
 These two parameters are able to explain why only after the year 2000 there are two 
pure CP warming events (2003-04, 2004-05), and two events with strong WP recharged states 
that have not developed into a fully-fledged EPEN (2006-07, 2009-10). The strengthened 
easterly trade winds and Walker circulation in the past two decades have led to a La Niña-like 
mean state (England et al. 2014). One of the contributors could be the recent rapid Indian 
Ocean warming (Rao et al. 2011). McGregor et al. (2014) also demonstrated that the unusual 
warming of the North Atlantic contributed strongly to the intensification of the Pacific Walker 
circulation. The easterly winds prevent Kelvin waves to fully propagate to the eastern-most 
Pacific and EP warming is suppressed by EP upwelling due to the intensified easterly winds.  
 The transition to EN events characterized by CP warming patterns is related to the 
Pacific climate regime shift (Hong et al. 2013) including the effect of increased easterly 
winds. In the early 2000s, when the trade winds started strengthening, the WP was not at a 
recharged state due to the previous strong 1997-98 EPEN event. During the regime shift, the 
2002-03 HBEN started off with a relatively weak recharged state. The moderate westerly 
wind anomalies led to a moderate event. As the background climate state entered a new 
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phase, WP westerly wind anomalies on top of the increased trade wind only permitted 
localised CP warming, and led to the 2003-04 and 2004-05 CPEN events.  
 With the continuous easterly winds, warm water gradually accumulated in the WP so 
that the Pacific warm pool region was highly recharged by early 2006 (top panel, Figure 2.4). 
The fact that the warm pool was recharged further to the west (between 120 and 140oE) in 
2006-07 and 2009-10 compared to previous EN events means that westerly wind anomalies 
occurring further to the west, approximately 120ºE-130ºE (not shown) were responsible for 
the initial Kelvin wave of these events. So, the 140ºE-160ºW region that is used in this study 
in zonal wind analysis does not fully capture the initiation of these events. This has led to an 
underestimation of the expected maximum SSTA for the 2009-10 event by equation (1.1). In 
2006-07 and 2009-10, slackening of the strong easterly wind anomalies was sufficient to 
trigger a Kelvin wave. The effect of a weakening of the easterly wind anomalies compared to 
climatological values is comparable to the effect of westerly wind anomalies triggering a 
Kelvin wave.  
 A number of studies using climate models have suggested that there would be more 
EPEN events under global warming (e.g. Kim and Yu 2012, Santoso et al. 2013; Cai et al. 
2014). Our results seem to contradict this. The main reason is that these models fail to 
reproduce the observed warming or decadal variability of the Indian and Atlantic Oceans, and 
therefore fail to reproduce the strengthened easterly trade winds (Grose et al. 2014). As long 
as these strong easterly winds continue, a strong EPEN is not likely to occur. However, it is 
still unclear whether the strengthening of the trade wind can be explained by greenhouse gas 
forcing, decadal variability or both. To investigate this, further modelling studies are needed 
that are beyond the scope of this study.  
 Forecasting of the maximum SST warming based on the two key parameters found in 
Chapter 2, PTA and cumulative ZWA, is possible. Based on the Western-Central Pacific 
cumulative ZWA from Nov(-1) and Western Pacific (WP) recharge-discharge state in Feb(0), 
a simple statistical model for predicting the NDJ Niño3.4 SSTA has been developed in 
Chapter 3. Additional information from observed SSTA is not needed because the main 
ENSO determining signals are embedded in the upper ocean heat content. 
 For the springtime barrier, the model (described in Chapter 3) has higher predictive 
skill than many other models considered in this study, except the NOAA Climate Forecast 
System (CFS) and CPC Constructed Analogue (CA). On average, the new model has R2  = 
57% for a lead time (LT) = 8, but for other models R2  = 50% at best. Only the weak 2003-04 
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EN event is being predicted to be a cold event at LT = 4 to 0, while all La Niña data points are 
in the correct “cold” quadrant and the amplitudes are captured reasonably well.  
 The model under-predicts an EN event if the PTA domain is in a discharged initial 
state, or if the westerly ZWA occur in late boreal summer. For example, CP warming not due 
to thermocline feedback dominated initially for the 1994-95 and 2003-04 events. A strong 
recharged initial oceanic state can lead to Kelvin waves with only small westerly ZWA, like 
for the 2009-10 EN event. 
 All forecasts after the year 2000 are less skilful due to the Pacific climate regime shift 
(Hong et al. 2013). However, R2 for the model decreases less than for other models especially 
for LT = 9 to 4. This suggests that the physical mechanisms on which the model is based are 
less sensitive to the decadal climate change in the Pacific. By using the heat content of the 
WP as a predictor the model better maintains skill for the post 2000-EN events compared to 
statistical models that are based on the ocean heat content for the entire tropical Pacific. 
 To further investigate cause and effect and to understand the underlying physical 
processes that characterize the climate regime shift and the reduction in ENSO forecast skills 
after the year 2000, model studies with a coupled ocean atmosphere climate model are 
necessary similar to Li et al. (2015). In coupled model simulations that are forced with 
observed SST for the Atlantic and Indian Ocean Li et al. (2015) have investigated observed 
changes in the mean tropical climate. Their study needs to be extended to the analysis of the 
evolution and predictability of EN and LN events with focus on the statistical relationships 
identified in this thesis.  
 The better performing models in CMIP5 according to Bellenger et al. (2014) and 
Grose et al. (2014) are chosen to analyse their ability in simulating and predicting EN in 
Chapter 4. These two recent studies provide scores based on standard deviation of Niño 
indices in comparison with reanalysis data (Grose et al. 2014) or mainly focus on the 
atmospheric feedbacks, which only account for one part of ENSO dynamics. Here, the 
models’ representation of the combined effects of ocean and atmosphere is explored based on 
the methods used in Chapter 2 and 3. Aspects in assessing their performance include the 
frequency and diversity of EN, temporal and spatial SSTA patterns, ocean dynamics related to 
Kelvin waves and thermocline feedback, patterns of the ZWA, the combined effects of ZWA 
and recharged state, and the ENSO predictability. 
 Most models capture the main spatial and intensity features of CPEN, HBEN, and 
EPEN reasonably well. Only MPI-ESM-MR (Max Planck Institute for Meteorology) has no 
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distinct strong EPEN, though there are a few HBEN that are close to being considered an 
EPEN. Only three of the models, CNRM-CM5 (Centre National de Recherches 
Météorologiques, France), NCAR-CCSM4 (National Center for Atmospheric Research, 
USA), and NorESM1-M (Bjerknes Centre for Climate Research, Norwegian Meteorological 
Institute) are able to simulate EN that are as intense as the observed events with adequate 
spatial SSTA patterns. However, the strongest EN in CNRM-CM5 and NorESM1-M are 
around 1-1.5K weaker than the strongest observed EN. 
 Using reanalysis data, OHC anomalies are a good proxy for detecting Kelvin waves, 
and are found for EPEN to be very strong with clear eastward propagation from the WP. Once 
again, CNRM-CM5 and NCAR-CCSM4 best simulate strong Kelvin waves, consistent with 
their SSTA variability, FGOALS-g2 (Institute of Atmospheric Physics, Chinese Academy of 
Sciences) simulates slightly weaker Kelvin waves than the former two models and slightly 
stronger than NorESM1-M. Other models also show Kelvin wave signals, but these are 
smaller in amplitude even when the strongest events are picked. All models are able to 
simulate eastward propagating Kelvin waves, but the downwelling Kelvin waves are often 
initiated more in the CP, while in the reanalysis they start further in the WP. 
 Most models manage to capture the magnitudes of westerly ZWA, but there are large 
discrepancies in the spatial distribution and duration of these westerly ZWA. Once again, 
CNRM-CM5, NCAR-CCSM4, and NorESm1-M have the largest ZWA variability, 
comparable to that in the observations, but sometimes ZWA are too strong. Their ZWA for 
the largest individual events gradually cover the whole equatorial Pacific basin, as in the 
observations. Other models have different weaknesses: In FGOALS-g2 westerly ZWA begin 
too late in boreal summer; GFDL-ESM2G’s (Geophycial Fluid Dynamics Laboratory, USA) 
and MPI-ESM-MR’s ZWA are too confined to the western Pacific, they are too short in 
duration and not continuous enough; ACCESS1-0’s (Commonwealth Scientific and Industrial 
Research, Bureau of Meteorology, Australia) ZWA are too weak. Nevertheless, ZWA differ 
between EN types for all models as in the observations and stronger westerly ZWA generally 
lead to stronger SSTA. This implies that in general, the mechanisms for causing SSTA due to 
wind stress forcing exist in all models, but the amplitude and patterns of the ZWA are not 
adequate for some of the less well performing models. 
 This leads on to reveal that models with more vibrant ocean dynamics, i.e. larger 
Kelvin waves, are able to better simulate the SST warming through the thermocline feedback 
mechanism. The WP recharged-discharged evolution throughout stronger EN events are 
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better captured, e.g. in NCAR-CCSM4 and CNRM-CM5. Models that are weak in this 
recharged-discharged evolution lead to infrequent occurrence of strong EPEN because of the 
lack of strong Kelvin waves for the recharged-discharged oscillator, e.g. GFDL-ESM2G, and 
MPI-ESM-MR. 
 Combining the effects of ZWA with the initial WP recharged-discharged state is 
another way that shows similar model performance. The variance of maximum SSTA in 
NCAR-CCSM4 as explained by the combined effect of initial recharged state and ZWA is the 
best of all models. This is followed by NorESM1-M and CNRM-CM5. This is similar when 
the models are analysed in prediction mode to predict the NDJ Niño3.4 SSTA for each year 
using the aforementioned two key parameters: Feb(0) OHC anomalies and cumulative ZWA 
from Nov(-1). Models that simulate well ZWA and Kelvin waves have good predictive skills. 
ENSO variability is better simulated by the physics of thermocline feedback, where a range of 
combined effects from the ZWA and the oceanic recharged state in triggering Kelvin waves 
can be generated. When models have larger ENSO variability, the influence of other model 
artefacts or noise on SSTA are speculated to be almost negligible because the main physical 
processes that generate EN dominates, and so the variance of SSTA can be well explained by 
the two key parameters. These parameters explained most of the variance in the observations.  
The explained variance in models is always lower than in observations and the explained 
variance is a powerful indicator to differentiate between models that appear to have a similar 
ENSO statistics otherwise as postulated by Bellenger et al. (2014) and Grose et al. (2014). 
 The analysis indicates that NCAR-CCSM4, and CNRM-CM5 are the best-performing 
models, with NorESM1-M being the follower-up. But the results of this study also suggest 
that correctly simulating the OHC state and the subsequent triggered Kelvin waves, remains a 
challenge. ZWA are relatively better represented than the OHC state, but some models still 
have ZWA that are too weak or too confined towards the WP. Improving ENSO and the mean 
state of a model might all be down to the role of atmospheric convection parameterisation as 
stressed by several studies (Neale et al. 2008; Watanabe et al. 2011), and the oceanic 
subsurface flow that is fundamental to ENSO development (Weare 2013).  
 The fundamental requirement for an EPEN and HBEN (but not CPEN) to develop is 
to have eastwards propagating downwelling Kelvin waves. To excite these, atmospheric 
forcing by a westerly wind burst (WWB) is needed. WWBs that are able to excite Kelvin 
waves are characterized in Chapter 5. This study found that if a WWB has a large amplitude, 
large longitudinal coverage, and long duration, then the corresponding WWB is highly 
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favourable in triggering Kelvin waves if the ocean conditions in terms OHC are susceptible 
for this forcing. Kelvin waves mainly respond to the longitudinal coverage and duration of a 
WWB, since the ocean takes time to react to a wind stress forcing that acts over a large fetch. 
The rest of the variance of Kelvin waves is explained by the oceanic recharged state. 
 Kelvin waves are more likely to be triggered if the ocean is recharged over the WP. 
This also means that there should be a zonal thermocline gradient, with OHC decreasing 
towards the EP. Taken together, if a large, strong and long lasting WWB occurs over a 
recharged region with steep thermocline gradient tilted towards the east, then a Kelvin wave 
is highly likely to be excited. 
 Synoptic pattern analysis suggests that cyclones with the combination of active MJO 
and cross-equatorial flow are the most common situations to cause WWB. These three 
synoptic situations have all been active during recent strong EN events, such as 1997-98 and 
2015-16. MJO provides the basis for high convective activities and enhances cyclongensis 
(Zhang 2005). More cyclones can form near the equator and induce strong cross-equatorial 
flows at their peripheries, so that WWBs are generated. With the right initial oceanic state, 
favourable fetch, intensity and duration these synoptic patterns can trigger Kelvin waves and 
ultimately produce an EN event. 
 Finally, the simulated WWBs, and their relationships with Kelvin waves in the 
NorESM (Chapter 6), are compared against those found in the reanalysis in Chapter 5. The 
analysis indicates that NorESM is able to simulate a spectrum of Kelvin waves similar to the 
reanalysis. The phase speed of Kelvin waves is similar to those in the reanalysis. Although the 
average magnitude of Kelvin waves in the NorESM is smaller than observed, but they 
dependent in the same way on the initial oceanic state and the zonal thermocline gradient. The 
explained variances between the magnitudes of Kelvin waves and various WWB parameters 
found in Chapter 6 are similar to that in the reanalysis in Chapter 5. 
 The magnitude of Kelvin waves in the NorESM can be explained by various WWB 
characteristics, similar to the reanalysis. The duration of a WWB has the highest correlation 
with the magnitude of Kelvin wave among the considered WWB variables, whereby longer 
WWB durations lead to stronger Kelvin waves. However, the NorESM only simulates about 
1% of WWBs with duration longer than 50 days. These long-lasting WWBs are with 15% 
more frequent in the reanalysis. On the other hand, about 2.5% of WWBs have Umax larger 
than 15m/s. Strong events like this are not found in the reanalysis. Since strength and duration 
of WWBs similarly influence Kelvin waves, there appears to be a compensation of an 
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underprediction of the WWB duration by an overprediction of its strength. The combined 
effect of WWB duration and zonal thermocline gradient is tested by multi-linear regression. 
The R2 in NorESM is slightly lower (36%) than in the observed (47%). But the combined 
effect of the oceanic initial state with WWB duration shows the highest R2 in both reanalysis 
and NorESM, with an R2 of about 68%. This suggests the mechanisms to simulate Kelvin 
waves in NorESM are mainly from the long zonal wind fetch and the initial recharged state as 
in the reanalysis. 
 Concerning the different characteristics of WWBs that do and do not trigger Kelvin 
waves, there is less distinction in terms of the oceanic recharged state where and when the 
WWB occurs in the NorESM compared to reanalysis. In the reanalysis, WWBs that trigger 
Kelvin waves coincide with positive OHC at the location of the WWB. However, WWBs that 
trigger Kelvin waves tend to have longer duration than those that do not, similar the 
reanalysis. The distinction with zonal thermocline gradient is more marked compared with 
that related to recharged state in the model. WWBs that do not trigger Kelvin waves occur 
when the zonal thermocline gradient is positive, which means the WP is at a discharged state, 
unfavourable for any Kelvin wave to be triggered, and vice versa. This is also true for the 
reanalysis. 
 Synoptic pattern analysis suggested that cross-equatorial flow alone is the most 
common situation to cause WWB in the NorESM, unlike in the reanalysis where cyclones 
with the combination of active MJO and cross-equatorial flow are the most common cause. 
However, consistent with reanalysis, the NorESM often produces WWBs under synoptic 
patterns that consist of cyclonic flow near the equator, and WWBs related to CAO are less 
common. 
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7.2. Outlook 
 Advances have been made in understanding ENSO in this thesis by focusing on the 
core processes and feedbacks during the growing and peak phases of EN, while stepping 
away from the theories of a variety of oscillatory modes and stable modes that are subject to 
stochastic forcing. The issue of ENSO being either of these modes or both is not settled. This 
study adds a new perspective in that EN diversity stems from an EN continuum that could be 
related to a mixture of the oscillatory and stable modes, where both localized atmosphere-
ocean feedbacks and thermocline feedbacks come into play. The predictability of ENSO 
could be depended on the mode that is dominating the EN evolution. For instance, the 
predictability could be lower if ENSO is a stable mode triggered by stochastic forcing that 
depends on random disturbances. 
 In future work, a longer reanalysis dataset of high quality is needed to repeat the 
analysis to strengthen the statistics, so that patterns are found with higher confidence, 
especially for the less common strong EPEN. Climate models need to be used to disentangle 
the causes of EN for correlations and concepts identified in this study. The development of 
EN can be explored by prescribing an initial recharged state over WP and see how the ocean 
responses to WWBs. Studies such as Fedorov et al. (2014) and Hu et al. (2014) have tested 
this concept, but responses of the ocean when forced with WWBs of different intensity, 
duration, and longitudinal coverage have yet to be examined.  
 The concept of the EN continuum adds another complexity into how the 
aforementioned mechanisms associated with EN may respond to a changing climate, such as 
global warming.  Given the results published to date, possibilities of an increase, decrease, or 
no change in ENSO activity, intensity, and type arising from increases in greenhouse gases 
are still uncertain. Competing theories suggest the Walker circulation could weaken (e.g. 
Vecchi et al. 2006) or strengthen (e.g. England et al. 2014) under global warming. But more 
evidence is pointing towards a strengthening of the Walker circulation as global warming 
leads to even warmer Indian Ocean (Luo et al. 2012). Applying the concepts from this thesis 
would imply that the CP-type EN would be more favourable under stronger Pacific easterly 
trade winds in the future. This can be tested in an ocean-atmosphere coupled model, by 
prescribing warming over the Indo-Pacific warm pool and examining if the strengthen trade 
winds would lead to a certain dominating ENSO mode. Then the key question is to which 
extent the statistical model developed in this thesis is still able to predict the modulated 
ENSO. The statistical model should, in theory, still hold if increased trade winds lead to 
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weaker EN intensity because of fewer strong and sustained WWBs to trigger strong oceanic 
Kelvin waves. 
 Models are then definitely essential to explore theories and correlations deduced from 
observations. Despite recent improvements in terms of parameterised physics and higher 
model resolutions, there are still various biases and systematic errors in the simulated 
background climate that affect ENSO simulations (Guilyardi et al. 2009). Some models from 
CMIP5 are evaluated in Chapter 4, but only one simulation ensemble member from each 
model is evaluated. Nevertheless, it gives a more detailed insight into the capability of models 
to realistically represent observed EN features and the associated oceanic and atmospheric 
conditions. In future work, the analysis done in this thesis can be applied to more runs from 
each model to strengthen the statistics and to make sure the assessment of each model still 
holds even when there would be variability, hopefully small, between runs of each model. 
This would then facilitate in choosing the most appropriate model for the abovementioned 
experiments in exploring ENSO dynamics. 
 This thesis focuses on the mechanisms leading to EN. In the future, research can be 
extended to explore the climatic impacts and teleconnections from a diverse EN. 
Understanding teleconnections associated with different EN types has been hampered by the 
relatively short duration of the observational record. The concept of EN being a diverse 
continuum has added another dimension to the problem of finding separable teleconnection 
signals associated with different EN types. However, even if the two types of ENs, CPEN and 
EPEN, are the end members of a diverse continuum (e.g. Giese and Ray 2011; Lei et al. 2015) 
it is still worth studying differences in teleconnections between these two extreme EN 
flavours. Different ENSO types have distinct impacts, including on biological processes, as 
noted by Capotondi et al. (2014). But whether a “continuum” in climatic teleconnections 
associated with the EN continuum can be found in observational data and model outputs 
should be examined. 
 Finally, apart from EN occurring in the tropical Pacific, there are also fluctuations in 
the equatorial Atlantic dominated by the Atlantic Niño, a phenomenon analogous to EN, 
characterised by irregular episodes of anomalous warming during the boreal summer (Zebiak 
1993). SSTA over the tropical Atlantic is closely related to a change in the climatological 
trade winds, similar to the ocean-atmosphere relationship found in the tropical Pacific. A 
warm anomaly is associated with relaxed trade winds across a large swath of the equatorial 
Atlantic basin, while a cool anomaly is associated with enhanced easterly wind stress in the 
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same region. These trade wind fluctuations can be understood as the weakening and 
strengthening of the Atlantic Walker circulation. It would be interesting to test if the concept 
developed in this thesis would also work for Atlantic Niño. Schouten et al. (2004) have shown 
that the relaxation of the Atlantic equatorial trade winds generates an eastward propagation of 
positive sea level height anomalies. So if SSTA over the eastern Atlantic depend on recharged 
state over the western Atlantic for potential Kelvin waves and westerly ZWA like in the 
Pacific, then the statistical model developed in this study could potentially predict the peak 
intensity of Atlantic Niño. If this were true, the work would further unify the concept of how 
Pacific and Atlantic Niños are generated based on just two simple parameters of ZWA and 
oceanic state, which would help the scientific community to proceed with one simple 
theoretical framework. 
 The new methods and results found in this study are a simple and effective way to 
understand the mechanisms in the evolution of EN. The results achieved are also significant 
for the climate research community, and have far reaching implications given the worldwide 
societal and economical impacts associated to ENSO. There are still challenges ahead and 
new questions arise as our understanding of ENSO broadens. Sustained and enhanced climate 
observations, better models, and improved understanding are all imperative for more reliable 
ENSO monitoring and prediction in a changing climate. Incessant scientific research on a 
fascinating puzzle of nature, like ENSO, must remain a key driver of future research. 
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